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ABSTRACT

I completed atmospheric transport modeling studies into distributions of
subtropical water vapor, to identify the mechanisms by which humidity varies over
distinct temporal scales: inter-annual time-scales associated with the El Nino – Southern
Oscillation, over the next century in response to global warming, and over periods of
about 2 to 7 days. The latter study on 2 to 7 day variability is a modeling component of a
field campaign from October – November, 2008, involving continuous in-situ
measurement of water vapor stable isotope compositions at the Mauna Loa Observatory,
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Hawaii. These studies were conducted from a last saturation perspective, considering
humidity and water vapor isotope composition of sub-saturated air to have effectively
been set by the conditions at which the air parcels last encountered saturation.
During El Nino northern winter, the free troposphere over the subtropical north
Pacific is both drier and warmer than during La Nina. For instance, during El Nino (La
Nina) northern winter, 57% (49%) of the air at 20˚N and 633 hPa over the north Pacific
was last saturated poleward of 20˚N and above 500 hPa. ENSO humidity variability can
be explained in terms of changes in the location of last saturation, and not by changes in
the temperature field.
Modeled specific humidity at the subtropical relative humidity minimum is
projected to increase by about 0.2-0.3 g/kg, by the end of this century, in the simulations
completed for the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4). Most of this projected increase can be attributed to last
saturation within what will be a warmer free troposphere. The increase in specific
humidity is partially offset by a poleward and upward shift of baroclinic instability and
saturation patterns that effectively yield drier air to the RH minimum via isentropic
transport.
Two to 7 day variability of nighttime water vapor !D values at the National
Oceanic and Atmospheric Administration’s Mauna Loa Observatory, Hawaii, range from
-365‰ to -137‰. Last saturation of air at Mauna Loa Observatory occurs primarily in
the extra-tropical middle-upper troposphere, along mid-latitude baroclinic zones, and
secondarily near Hawaii within mesoscale convective systems. Two to 7 day periods of
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lower (higher) water vapor !D values at MLO correspond to extra-tropical (near-Hawaii)
last saturation.
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“Thus, the circulation of moisture through the air, is a
prime mover, not only in the annual succession of the
seasons, but in the great geological cycle, by which the
waste

and

reproduction

of

entire

continents

is

circumscribed.” – John Playfair, Illustrations of the
Huttonian Theory of the Earth, 1802

CHAPTER 1.

INTRODUCTION

Water vapor is the critical greenhouse gas in the Earth’s atmosphere [Held and
Soden, 2000]. The strength of the water vapor feedback is key to determining the
severity of global warming. The potential to reduce Earth’s outgoing longwave radiation
through an increase in water vapor is greatest within the middle to upper troposphere of
the subtropics [Pierrehumbert et al., 2007]. Yet, the processes that set and change
humidity distributions in the subtropics are not fully understood.

Aridity of the

subtropics has conventionally been ascribed to dehydration associated with tropical
convection followed by subsidence of the dry air product in the down-going limb of the
Hadley Circulation. Over the past couple of decades a different picture has emerged that
relates subtropical humidity to the large-scale circulation and temperature, by considering
the specific humidity of sub-saturated air to be equal to the saturation specific humidity at
last saturation [Pierrehumbert and Roca, 1998; Sherwood, 1996]. This alternate view has
led to the recognition that most of the air in the driest region of the subtropical
troposphere was last saturated within the vicinity of the mid-latitude storm tracks, in the
cold extra-tropical upper troposphere [Galewsky et al., 2005]. This teleconnection relates
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baroclinic activity in the mid-latitudes to dry air in the subtropics, via transport on
isentropes, or surfaces of equal potential temperature [Kelly et al., 1991].

Recent

investigation though into the water balance of the troposphere shows cross-isentropic
subsidence, associated with the Hadley Circulation, to be the primary mechanism for
dehydration of subtropical air [Couhert et al., 2009].

These seemingly disparate

explanations for the low moisture content of the subtropics highlight the subtleties and
uncertainties associated with this vital component of the climate system.

In this

dissertation I study variability of subtropical humidity at different temporal scales from a
last saturation perspective.
From a last saturation perspective, if we imagine the whole of a sub-saturated
parcel of air to have been last saturated within a region of the atmosphere, that we
consider our last saturation tracer domain (Figure 1.1), the specific humidity (q) of that
parcel is equal to the saturation specific humidity (q*) at last saturation. By extension,
the relative humidity of that parcel is equal to the quotient of the q* at last saturation and
the local temperature –based q*. It is more appropriate however, to consider the air at the
reference position a mixture of parcels last saturated in various regions of the atmosphere
(Figure 1.2). If we track the probability that air at the reference position was last
saturated within each tracer domain, then the q at the reference position can be
considered a sum, across tracer domains, of the products of i) the probability of last
saturation associated with each tracer domain, and ii) the q* associated with each tracer
domain. The relative humidity is still a quotient between the last saturation –based q*
and the local temperature –based q*. This effectively sets the relative humidity of subsaturated air approximate to a ratio between the temperature of last saturation and the
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pressure

last saturation
tracer
domain (i)

X end-point (x)
latitude

Humidity at ‘X’
qx = q*i
: specific humidity
rhx = q*i / q*x

: relative humidity

Figure 1.1. Schematic diagram of last saturation, assuming all of the air at the reference position (x) to have
been last saturated within one last saturation tracer domain (i). The specific humidity at the reference position
(qx) can be considered equal to the satration specific humidity at last saturation (q*i). By extension, the relative humidity at the reference position (rhx) is equal to a quotient between the q*i and the local temperature
-based saturation specific humidity (q*x).
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a.

b.

c.

pressure

c=.2=20% c=.2= 20% c=.2=20%
c = probability of
last saturation

X

d.

e.

c=.2=20% c=.2=20%

latitude
Humidity at ‘X’
qx = [ca(q*a) + cb(q*b) + cc(q*c) + cd(q*d) + ce(q*e)] + [qsrc]
rhx = qx / q*x

Figure 1.2. Simple mixing model schematic diagram of last saturation. Twenty percent of the air at the reference position (x) was last saturated within each of the five last saturation tracer domains (a,b,c,d,e). qx is a
sum, across tracer domains, of i) the probability of last saturation associated with each tracer domain (ci), and
ii) the q*i associated with each tracer domain. An additional term, qsrc, handles water vapor evaporated from
the surface and not processed through a cloud or that does not experience last saturation. Relative humidity
at the reference position (rhx) is still a quotient of the last saturation -based specific humidity (qx) and the local
temperature -based saturation specific humidity (q*x).
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local temperature [Held and Soden, 2000], setting aside the pressure difference between
the sub-saturated air and the position of last saturation. An additional term (qsrc) accounts
for specific humidity from a source tracer, which is simply water evaporated from the
surface and not processed through a cloud, or water that has not yet encountered last or
any saturation.
I completed various climate model simulations to investigate: how subtropical
humidity responds to the El Niño – Southern Oscillation (ENSO), how subtropical
humidity is projected to respond to global warming, and how subtropical humidity varies
over the temporal periods of about 2 to 7 days. The ENSO study looks into interannual
variability. The global warming study evaluates how humidity will change over the next
century. To complement the latter study into 2 to 7 day variability, I also investigate the
mechanisms relevant to water vapor stable isotope compositions.

Continuous

measurement of subtropical water vapor stable isotope compositions may allow us to
monitor the processes responsible for the projected specific humidity increase of the
subtropical troposphere as the Earth’s climate responds to increased greenhouse gases
[Galewsky and Hurley, 2010].
Climate model simulations for each of these investigations were completed after
establishing a network of water vapor last saturation tracer domains within a Global
Circulation Model (GCM).

The water vapor tracer domains operate in a Eulerian

reference frame, tracking probability distributions following last saturation [Galewsky et
al., 2005]. This Eulerian technique is complemented in the 2 to 7 day variability study
where I also use a Lagrangian approach with a particle tracking back-trajectory
atmospheric circulation model. By studying subtropical humidity and water vapor stable
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isotope composition in a last saturation framework, I assess the influence that the largescale atmospheric circulation and temperature have on temporal variability of humidity
and water vapor isotope composition. In each of the investigations, I have conducted a
series of humidity or isotope reconstruction experiments that test the relative importance
of circulation and temperature in determining how humidity or isotope composition vary
from time to time, or from one climate state to another. The dual approach of Eulerian
and Lagrangian frameworks in the 2 to 7 day period study allowed me to assess the role
of large-scale mixing.
Aside from these broader scope assessments of the large-scale circulation,
temperature, and mixing, each of the three individual studies have their own set of
discrete results and conclusions presented within each of the following three chapters.
This dissertation answers the following broader questions. What drives the reduction in
humidity over the subtropical north Pacific during El Niño, versus La Niña, changes to
the large-scale circulation or temperature?

The simulations completed for the

Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4)
project subtropical specific humidity to increase in response to global warming, while
relative humidity remains near constant. Where does the additional moisture come from?
Is it practical to consider the extra water to come from enhanced surface evaporation?
Or, does the globally warmed atmosphere hold more water simply because it can? What
is an alternate explanation? What drives 2 to 7 day variability in subtropical humidity,
circulation or temperature?

And to what degree does large-scale mixing influence

changes to the water vapor stable isotope composition of the subtropical middle
troposphere?
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In the following chapter, I present a paper that outlines the details of the
investigation into subtropical humidity variability associated with ENSO. The original
version of this chapter was published as Hurley and Galewsky [2010a]. Chapter 3 is a
manuscript on the global warming increase in zonal mean subtropical specific humidity,
published as Hurley and Galewsky [2010b]. Chapter 4 summarizes the investigation into
how subtropical humidity and water vapor stable isotope composition varies over 2 to 7
day periods. This latter investigation is part of a field campaign conducted in October –
November, 2008, at the Mauna Loa Observatory, on the island of Hawaii. Chapter 4 of
this dissertation will be submitted publication in the Journal for Geophysical Research –
Atmospheres.

The author list for this manuscript is John V. Hurley, Dr. Joseph

Galewsky, Dr. Zachary D. Sharp, Dr. David Noone, and Dr. John Worden.

In Chapter

5, I present the Conclusions, a discussion of Uncertainties, and Closing Remarks,
including answers to the broader scope questions outlined above.
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CHAPTER 2.

A LAST-SATURATION ANALYSIS OF ENSO HUMIDITY

VARIABILITY IN THE SUBTROPICAL PACIFIC
ABSTRACT
Water vapor tracers of last saturation were used in an atmospheric tracer transport model
to evaluate ENSO variability in the generation of the dry air that defines the subtropical
middle troposphere over the north Pacific.

Fifteen northern hemisphere winters,

including El Nino, La Nina, and ENSO neutral seasons, were evaluated using both
northern hemisphere and global last saturation water vapor tracer configurations. During
El Nino northern winter, the free troposphere over the subtropical north Pacific is both
drier and warmer than during La Nina.
We evaluated the probability distributions of last saturation position for the dry air
in the middle troposphere over the subtropical north Pacific and found there to be further
poleward, higher altitude, and more westerly components during the warm phase
compared to the cold phase. During warm phase (cold phase) northern winter, 57%
(49%) of the air at 20˚N and 633 hPa over the north Pacific was last saturated poleward
of 20˚N and above 500 hPa. We demonstrate coherency between tropical sea surface
temperatures, extra-tropical atmospheric saturation, and subtropical aridity of the middle
troposphere. There is more last saturation to the west during the warm phase, tying
ENSO variable subtropical aridity to mid-latitude westerlies when there is enhanced
baroclinicity and an equatorward migration of the Pacific storm track.
Humidity reconstructions from the water vapor tracers capture observed ENSO
humidity variability and demonstrate that it can be explained in terms of changes in the
location of last saturation, and not by changes in the temperature field. This study shows

11
how teleconnections between the tropical ocean and the extratropical upper troposphere
can impact the humidity of the middle troposphere of the subtropical dry regions.

2.1 INTRODUCTION AND BACKGROUND
The importance of water vapor as a greenhouse gas is well documented [Bony et
al., 2006; Forster et al., 2007; Held and Soden, 2000] because of its role in amplifying
the warming brought on by increased carbon dioxide in the atmosphere [Held and Soden,
2000]. The water vapor feedback is positive. The redistribution of atmospheric water
vapor and changes in its concentration in the subtropical free troposphere are therefore
fundamental components of climate change [Pierrehumbert, 1999]. The dry warm air of
the subtropical troposphere is projected to become drier in future warming scenarios
[Lorenz and DeWeaver, 2007; Meehl et al., 2007], but the mechanisms that control
subtropical humidity are still not well understood. For the purposes of this study we
consider the subtropics to correspond to the latitudes of relative humidity minimum
region of the middle troposphere (about 600 hPa), about 10˚N to 25˚N.
The vapor pressure of an unsaturated air parcel is ultimately limited by its local
temperature, but does not exceed the vapor pressure at which the air parcel had last been
saturated [Held and Soden, 2000]. Following the notation of [Held and Soden, 2000], the
local temperature at position x is T(x), and the temperature at which the air was last
saturated is designated as Tc. For unsaturated air, Tc tends to be lower than T(x), so an
understanding of the conditions of last saturation can help to explain the processes that
control the dryness of the subtropics. In the last saturation framework, one assumes that
the mixing ratio is conserved during transport, that condensation occurs when the large-
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scale vapor pressure exceeds the saturation vapor pressure, and that water vapor is
sourced at the boundary layer [Held and Soden, 2000].

As air parcels mix in the

subtropics their respective humidities are limited by the vapor pressures when they were
last saturated, whether last saturation occurred at the top of the subsiding limb of the
Hadley circulation [Spencer and Braswell, 1997; Sun and Lindzen, 1993] or through
extratropical isentropic eddy transport [Galewsky et al., 2005; Kelly et al., 1991; Yang
and Pierrehumbert, 1994]. The vapor pressure of a parcel of air in the subtropical
troposphere is set by Tc, while the saturation vapor pressure of that same parcel of air is
determined by T(x). In this manner, both Tc and T(x) influence relative humidity of dry
air. Galewsky et al. [2005] used an Eulerian, tracer-based technique to link the aridity of
the subtropics to extratropical last saturation. Similarly, but in a Lagrangian framework,
[Cau et al., 2007] found that most subtropical air parcels are last saturated in the
extratropics. Air parcels reaching the subtropics during the cold season tend to be last
saturated in the extratropical storm tracks and the associated westerly jets [Galewsky et
al., 2005; Kelly et al., 1991; Yang and Pierrehumbert, 1994]. Using back trajectories,
[Dessler and Minschwaner, 2007] showed that mid to upper – troposphere air
experiences what they referred to as final dehydration in the tropical upper troposphere or
the lower midlatitude of both the northern and southern hemisphere. They attributed the
aridity over the subtropical eastern Pacific to final dehydration both in the mid-latitudes
and in the tropical upper troposphere. Sherwood [1996] attributed the aridity of the
subtropics to subsidence dehydration, countered by horizontal advection and vertical
transport from convective regions. Couhert et al. [2009] attribute the zonal mean of
relative humidity of the subtropical free troposphere to cross-isentropic subsidence that is
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balanced by convective transport of water vapor. Transient potential vorticity (PV)
intrusions have been linked to variability of humidity in the upper troposphere [Ryoo et
al., 2008], particularly over the subtropical oceans [Ryoo et al., 2008; Waugh, 2005;
Waugh and Funatsu, 2003]. The PV intrusions are characterized by convection and
increased humidity east of the intrusion tongues and transport of dry stratospheric air into
the upper troposphere within the intrusions. These studies into the origins of dry
subtropical air identify or imply preferred regions of last saturation where the aridity is
set.
To reduce the relative humidity at position x from time t=1 to t=2, the relationship
between Tc and T(x) must be altered so that (Tc/T(x))t1 > (Tc/T(x))t2 [Held and Soden,
2000], ignoring the change in the pressure difference between position x and last
saturation from time t=1 to t=2. One way in which this could happen is the position of
last saturation could be elevated within a static temperature field such that Tc decreases.
Alternatively, a spatially non-uniform change in the temperature field with no change in
the position of last saturation could reduce humidity. For instance, Tc could decrease
while T(x) increases or temperatures at both locations could change at different rates.
Also, of course the position of last saturation can be elevated in a temperature field [Held
and Soden, 2000] that changes with time.
The humidity of the subtropical troposphere responds to oscillations in the El
Nino – Southern Oscillation (ENSO) system on interannual timescales [Lau et al., 1998;
H Wang and Fu, 2000], providing a test-bed for evaluating the processes that impact
subtropical aridity. The water vapor content of the subtropical troposphere decreases
during El Nino [Dessler et al., 2008; Lau et al., 1998; Peixoto and Oort, 1992] and the

14
winter storm track strengthens over the north Pacific, deflecting equatorward over the
eastern north Pacific [E.K.M. Chang, 2006; E.K.M Chang et al., 2002]. Because the
aridity of the subtropics has been tied to extratropical storm track activity [Galewsky et
al., 2005; Kelly et al., 1991; Yang and Pierrehumbert, 1994], and because subtropical
humidity and Pacific storm tracks both vary by ENSO phase [E.K.M. Chang, 2006; Lau
et al., 1998; Orlanski, 2005] it is anticipated that extratropical last saturation
characteristics for unsaturated subtropical air vary by ENSO phase. This work draws
motivation from the suggestion by Held and Soden [2000] that variations in mid-latitude
storm track strengths or paths could cause differences in the relationship between Tc and
T(x), thereby changing relative humidity.
Figure 2.1 shows the ENSO variability in November-December-January (NDJ)
subtropical northern Pacific humidity and temperature, taken as the difference between
composite El Nino and La Nina seasonal averages computed from the National Centers
for Environmental Prediction – National Center for Atmospheric Research (NCEPNCAR) Reanalysis [Kalnay et al., 1996]. NDJ of an El Nino year has been identified as
the mature phase of ENSO [C Wang, 2002] when the teleconnections between tropical
ocean temperatures and the extratropics are most robust [Rasmusson and Carpenter,
1982]. ENSO phase composites were calculated from the El Nino winters of 1972-73,
1982-83, 1986-87, 1991-92, and 1997-98, and the La Nina winters of 1973-74, 1975-76,
1988-89, 1998-99, and 1999-00.
The subtropical free troposphere over the north Pacific is drier during the warm
ENSO phase, in both relative and specific humidity. The region of focus for this paper is
outlined by the black boxes in the maps of Figure 2.1. This region (90˚E to 250˚E and
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Figure 2.1. ENSO variability (El Nino-La Nina) NDJ relative humidity (top, RH), specific humidity (middle,
g/kg), and temperature (bottom, degrees) at both 633 hPa (left) and in longitudinal cross-sections (right)
meridionally averaged from 10˚N to 25˚N. The zero contours are dashed. The black box in the maps indicates the subtropical Pacific region of study where air over the subtropical north Pacific is drier during El Nino
winters (90˚E to 250˚E and 10˚N to 25˚N). All maps presented in this paper were completed with a Mercator
projection.
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10˚N to 25˚N) is where subtropical humidity over the north Pacific decreases during El
Nino winters. Absolute differences in subtropical relative humidity values at 633 hPa are
as large as -15% to -18% (El Nino relative humidity minus La Nina relative humidity)
(Figures 2.1a and 2.1b). On average, at 633 hPa, the NDJ El Nino (La Nina) relative
humidity within the study region, 90˚E to 250˚E and 10˚N to 25˚N, is about 29% (35%).
Temperatures are warmer during El Nino in the subtropical north Pacific troposphere by
as much as 3 degrees over the central Pacific (Figures 2.1e and 2.1f). Poleward of 25˚N
and east of around 170˚E, the temperature difference is negative, and the extratropical
troposphere over the Pacific is colder during El Nino. Were there no variability in the
amount of water vapor by ENSO phase, the warming associated with El Nino over the
subtropical north Pacific could by itself account for a reduction in the relative humidity.
However, subtropical specific humidity also decreases during El Nino over the north
Pacific (Figures 2.1c and 2.1d). These ENSO variable temperature and water vapor
composites are consistent with those presented by Lau et al. [1998].
ENSO variability in the Pacific storm track can be seen in Figure 2.2, where El
Nino and La Nina composites of the variance of the 300 hPa meridional wind were
calculated from the same ten NDJ seasons for which humidity and temperature
composites were constructed in Figure 2.1. Again, we used the NCEP-NCAR Reanalysis
[Kalnay et al., 1996] 6-hourly information. The power spectral density for the eddy
component of the meridional winds were computed using Welch’s method, with a
Hamming window [Kay, 1988], and then we calculated the sum of variance associated
with periods from 2.5 to 6 days [Blackmon et al., 1977]. Band-pass filtering at this
synoptic scale effectively tracks the passage of storms
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[Blackmon, 1976; Blackmon et al., 1977]. As shown in previous studies [E.K.M. Chang,
2006; E.K.M Chang et al., 2002], the Pacific storm track is stronger over the western
Pacific during El Nino. Over the eastern Pacific, the storm track migrates equatorward
during El Nino and poleward during La Nina.
The goal of this study was to test the hypothesis that ENSO variability of
subtropical aridity in the middle troposphere is sensitive to changes in last saturation in
the vicinity of the mid-latitude storm tracks. Tracers of last saturation were applied to
NCEP-NCAR Reanalysis data in a transport model and it will be shown that ENSO
variability in subtropical humidity of the middle troposphere over the north Pacific can be
explained in terms of changes in extratropical last saturation in the vicinity of the
northern winter storm track.
Section 2 provides a summary of the data and methods used in this study. Section
3 presents the results of the tracer transport model simulations, the probability
distributions of last saturation for dry subtropical air over the north Pacific, and humidity
reconstructions and experiments.

A discussion of the significance of the results is

provided in Section 4 and conclusions are summarized in Section 5.

2.2 DATA AND METHODS
Fifteen northern hemisphere winters were simulated using the offline NCAR
tracer transport model MATCH [Rasch et al., 1997] following the method of Galewsky et
al. [2005], in which water vapor tracers track the motion of air parcels from their position
of last saturation. Extended winter seasons were run from 10 October through the end of
March and the initial three-week October period was discarded as the model spin-up
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period. El Nino and La Nina seasons were selected as those in which three-month
running mean sea surface temperature (SST) anomalies in the Nino 3.4 region [Barnston
et al., 1997] were 0.5°C above or below the Oceanic Nino Index for at least 5 threemonth running average seasons [CPC, 2008]. ENSO-neutral cases were selected as those
seasons where SST anomalies in the Nino 3.4 region were minimal and did not exceed
the 0.5°C criteria outlined above. The warm and cold ENSO phase winters used to
construct Figures 2.1 and 2.2 were also used for the last saturation MATCH simulations.
The ENSO-neutral winters simulated with MATCH are from 1978-79, 1981-82, 1989-90,
1993-94, and 2001-02. NCEP-NCAR Reanalysis data [Kalnay et al., 1996], at 4-times
daily temporal resolution, were used to drive the circulation and MATCH’s internal
hydrologic cycle. For the MATCH simulations, we used a T62 resolution, consisting
horizontally of 192 zonal by 94 meridional points, and 28 vertical levels.
The modeling approach follows that of Galewsky et al. [2005]. When saturation
occurs at a grid point within a particular tracer domain, defined in the model as when
relative humidity in MATCH’s internal hydrologic cycle exceeds 90%, all of the tracers
associated with the other domains are reset to zero and the tracer associated with the
saturated grid point is set to 1 at the saturated grid point.

Time-averaged tracer

concentrations represent the probability that air at a specified grid point was last saturated
somewhere within the tracer’s domain. Galewsky et al. [2005] noted that their results on
probability distributions of last saturation for dry subtropical dry air were not sensitive to
the 90% humidity criteria.
We used two different last saturation water vapor tracer configurations in this
study. The first tracer configuration covers the troposphere over the entire northern
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hemisphere, extending from latitudes 10°S to 90°N.

Individual tracer domains are

zonally symmetric and span 10° latitude across and 2 vertical pressure levels. This
configuration consists of 100 tracer domains, with ten vertically stacked tracer domains
per 10° of latitude. The second tracer configuration covers the global troposphere from
90°S to 90°N and consists of thirty-six tracer domains, each 10° of longitude wide
extending from above the boundary layer to the tropopause. For this tracer configuration
we did not simulate the five ENSO-neutral years.
Seasonal mean humidity fields were reconstructed from the tracer results by first
determining the sum of seasonal mean specific humidity (q) values from each of the
tracer domains, using
q = ! qt* " ct.

(2.1)

Specific humidity per tracer domain was taken as the product of a tracer’s probability of
last saturation (ct) and the tracer domain’s saturation specific humidity (qt*), having
calculated qt* from the seasonal mean Tc. In addition to the last saturation water vapor
tracers, a source tracer was used as in Galewsky et al. [2005]. This source tracer is reset
per time step to be equal to the water vapor mixing ratio at the surface, occurs in the
lowest model level, and represents air that has not experienced saturation since it was at
the surface. In reconstructing humidity, the specific humidity associated with the source
tracer is added to the q calculated with Eq. 2.1.

Relative humidity (h) was then

reconstructed from the specific humidity and the local temperature using
h = q / q*,

(2.2)

where q* is the local saturation specific humidity, calculated from a seasonal mean of
T(x).
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Results from the northern hemisphere configuration comprise the bulk of the
findings presented here. The tracer domains in this configuration are zonally symmetric
and provide information on meridional and vertical distributions of last saturation
probabilities. Results from the second tracer configuration are used to evaluate the
westerly transport that parcels experience following last saturation. The tracer-weighted
westerly transport since last saturation (I) was calculated as
I = ! it " ct,

(2.3)

where it is the degrees longitude difference between the zonal center of the tracer domain
and the grid point, and again ct is the last saturation probability associated with tracer
domain (t) for the grid point.
Model results from each of the 15 northern winters were separated into threemonth NDJ periods from which time-averages were calculated. Then, the composite of
all five time-averaged El Nino NDJs, for instance, were averaged to generate a seasonal
warm phase mean.

La Nina and ENSO-neutral phase composites were similarly

calculated. These northern winter composites by ENSO phase permit evaluation of how
last saturation patterns vary as a function of ENSO.

ENSO phase composites for

December-January-February and January-February-March were similarly created from
the model results and preliminarily evaluated. For brevity, only the NDJ results are
summarized in this chapter.
We focus our analysis of results on the 633 hPa model level across the north
Pacific because the level is representative of the middle troposphere, the region has a
clear ENSO humidity signal where it is drier during El Nino, and importantly, the 633
hPa level in the subtropics is linked along isentropes to the extratropical upper
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troposphere. This allows us to evaluate how last saturation in the vicinity of the storm
track regions relates to subtropical aridity in the middle troposphere. We do, however,
present last saturation probability distributions and humidity reconstructions for
additional model levels.

2.3 RESULTS
Humidity Reconstructions
The significance of last saturation probabilities relies on the extent to which the
water vapor last saturation tracers can be used to reconstruct the humidity fields. Of
particular importance is their ability to capture the observed ENSO variability in the
humidity. First we will establish that the reconstructions capture ENSO phase both
relative and specific humidity fields. We present reconstructions of specific humidity as
well as relative humidity because it seems conceivable that we could capture ENSO
variable relative humidity, but not specific humidity. This would be possible if changes
in T(x), rather than changes in Tc, were more important in setting the ENSO variability in
relative humidity of the subtropics.
El Nino and La Nina Reanalysis and reconstructed relative humidity fields at 633
hPa are shown in Figure 2.3. Reconstructions capture the observed spatial variability of
both the warm and cold ENSO phase, but underestimate relative humidity at 633 hPa by
about 1-3% (Reanalysis minus reconstructed relative humidity). Note that comparisons
of relative humidity in this paper are algebraic differences such as Reanalysis minus
reconstructed relative humidity or El Nino minus La Nina relative humidity. A couple of
dry cells intersect the 633 hPa level, one at about 160°E-170°E and 17°N-20°N, west of
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Figure 2.3. NDJ Reanalysis (a, c) and last saturation water vapor tracer-based reconstructions (b, d) of
relative humidity for El Nino (a, b) and La Nina (c, d) at 633 hPa. Gray shading contour interval is 0.1 relative
humidity (RH), or 10%, and the 0.3 RH contour is bold for reference. The black box outlines the study region.
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Hawaii, and the other west of Baja California, Mexico, at around 240°E-245°E and 23°N25°N. We will use these positions for comparison between Reanalysis and tracer-based
reconstructed values. The driest part of the dry cell west of Hawaii, at 633 hPa, has a
relative humidity of about 18% (27%) during El Nino (La Nina) compared with the
tracer-based relative humidity reconstructions for relative humidity here of about 16%
(24%) during El Nino (La Nina). The driest part of the dry cell west of Baja California
has a Reanalysis relative humidity of about 18% (16%) during El Nino (La Nina) NDJ.
The warm and cold phase reconstructions both underestimate the humidity at this position
by about 0.5% (observed minus reconstructed relative humidity). These comparisons
demonstrate that the last saturation tracer-based reconstructed humidity changes, from
cold to warm phase, at these two locations agree with the Reanalysis. For instance, west
of Hawaii, the absolute ENSO relative humidity difference (El Nino minus La Nina) is
observed to be about -9%, and the reconstructed difference is about -8%. Similarly,
humidity west of Baja California is observed both in the Reanalysis and reconstructions
to be about 2% higher (El Nino minus La Nina relative humidity) during El Nino.
El Nino and La Nina Reanalysis and reconstructed specific humidity fields at 633
hPa are shown in Figure 2.4. West of Hawaii at 633 hPa, the dry cell discussed above for
relative humidity has a specific humidity during El Nino (La Nina) of about 1.6 g/kg (2.3
g/kg). The reconstructed specific humidity values for this location are 1.5 g/kg and 2.3
g/kg for warm and cold phase. West of Baja California, Reanalysis specific humidity
values are as low as 1.4 g/kg (1.2 g/kg) during El Nino (La Nina) and the reconstructed
values for the same position are 1.4 g/kg (1.3 g/kg). The reconstructions capture the
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Figure 2.4. NDJ Reanalysis (a, c) and last saturation water vapor tracer-based reconstructions (b, d) of
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observed warm and cold phase spatial variability as well as the ENSO variability at
position.
ENSO variability of the Reanalysis and reconstructed relative and specific
humidity fields at 633 hPa are shown in Figure 2.5. Reconstructed relative humidity
values at the two previously discussed locations, west of both Hawaii and Baja
California, are within 1% (observed minus reconstructed relative humidity) of the
observed values. Within the Pacific subtropical study region, the mean residual of the
observed Reanalysis minus the reconstructed values at 633 hPa is less than 0.5% relative
humidity and less than 0.04 g/kg for specific humidity. The first order spatial structure of
ENSO humidity variability observed in the Reanalysis is captured using the last
saturation tracer-based reconstructions. We also reconstructed ENSO variable specific
humidity using only the last saturation tracers, excluding the surface source tracer and
this reconstruction (not shown) is virtually indistinguishable from the presented
reconstruction that does include the water vapor contribution from the source tracer. This
means the source tracer is not necessary to capture ENSO variability. The qualitative
agreements of first order patterns between Reanalysis and reconstructed humidity fields
lend credence to the last saturation probabilities and indicates that redistribution of last
saturation patterns by ENSO phase is a meaningful approach to studying ENSO humidity
variability.

Probabilities of Last Saturation
Having verified that the last saturation water vapor tracers can be used to
accurately reconstruct ENSO variable humidity, we will now identify in this section how
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the last-saturation positions change as a function of ENSO phase. First, we will present
last saturation probabilities for the subtropical middle troposphere over the north Pacific,
where the air is drier during El Nino. Then, we will present last saturation probabilities
for air just outside of this region in order to establish how last saturation patterns spatially
vary in relation to ENSO humidity patterns.
Last saturation probability distributions for Pacific zonal means (90°E to 250°E)
at 20°N and 633 hPa for El Nino and La Nina NDJ, as well as the ENSO variability are
shown in Figure 2.6. ENSO variability of the Pacific-zonal mean at 20°N, is also shown
for the model pressure level of 436 hPa (Figure 2.6d). The sums of tracer concentrations,
excluding the source tracer, for the probability distributions shown in Figures 2.6a and
2.6b, are 0.97 for both El Nino and La Nina. This indicates that the last saturation tracer
domains account for 97% of the air at the location of interest, meaning little of the air
here is associated with the source tracer and that amount does not significantly vary by
ENSO phase. Pacific zonal averages show that about half or more of the air at 20°N and
633 hPa across the Pacific was last saturated further poleward and higher in the
atmosphere, along approximately isentropic surfaces (white lines in Figures 2.6a and
2.6b), consistent with the results of Galewsky et al 2005. During El Nino, about 57% of
the air over the Pacific at 20°N and 633 hPa was last saturated north of 20°N and above
500 hPa. In contrast, during La Nina, approximately 49% of the air over the Pacific at
20°N and 633 hPa was last saturated north of 20°N and above 500 hPa. These values of
57% and 49% for El Nino and La Nina, compare with 51% for the ENSO-neutral
seasons. More warm phase last saturation for 20°N at both 633 hPa and 436 hPa (Figures
2.6c and 2.6d) occurs in the extra-tropical region between 20°N to 40°N and 260 hPa to
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500 hPa, corresponding to where the Pacific storm track strengthens during El Nino
(Figure 2.2). This ENSO pattern of enhanced high and poleward last saturation during El
Nino is observed to be typical for the subtropical middle troposphere over the north
Pacific.
The following paragraphs and Figure 2.7 show ENSO variable last saturation
probabilities at the perimeters, just outside of our study region (90˚E to 250˚E, 10˚N to
25˚N, and 300 to 700 hPa), effectively delineating a subtropical middle troposphere
volume over the north Pacific that can be characterized by drier air that experiences
enhanced high and poleward last saturation during the warm phase of ENSO.
In the top row of Figure 2.7 we vary latitude and show ENSO variable (El Nino
minus La Nina) Pacific-zonal (90°E to 250°E) last saturation probabilities at the 633 hPa
level, both south (5°N) and north (30°N) of the subtropics. Both at 5°N and 30°N,
humidity is higher during El Nino and the ENSO variability is not as pronounced as it is
within the subtropics. Note we have for comparison used the same color scale in Figure
2.7 as was used in Figures 2.6c and 2.6d. Note also that during El Nino, more air last
saturated at about 300 hPa and 30°N – 40°N returns as far equatorward as 5°N without
re-saturating (Figure 2.7a). North of the subtropics (Figure 2.7b), slightly more of the air
is last saturated poleward of 40°N during La Nina.
In the middle row of Figure 2.7 we vary the vertical level and show ENSO
variable Pacific-zonal last saturation patterns at 20°N, both in the upper (258 hPa) and
lower troposphere (751 hPa). ENSO variable last saturation for the subtropical upper
troposphere (Figure 2.7c) consists of an enhanced poleward El Nino signal, but there is
also clear enhanced El Nino last saturation associated with the Hadley circulation in the
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tropical upper troposphere. In the subtropical lower troposphere (Figure 2.7d), at 20°N
over the Pacific, the ENSO last saturation patterns are similar to those shown for 633 hPa
and 436 hPa (Figures 2.6c and 2.6d). This pattern of enhanced poleward last saturation
during the warm phase extends vertically from 313 hPa (not shown) through 751 hPa
where humidity is lower than it is during the cold phase.
In the bottom row of Figure 2.7, we show ENSO variable last saturation
probabilities for air west and east of the Pacific region. In contrast to the top and middle
rows of Figure 2.7, the probability distributions in the bottom row of Figure 2.7 are not
zonal averages. They are ENSO variable last saturation probability distributions for air
associated with individual grid points. Figure 2.7e shows the last saturation probability
distribution for 81°E, 20°N, and 633 hPa, located just west of the study region over India.
Here, the ENSO variable last saturation reverses from what it is over the Pacific and we
observe enhanced high and poleward last saturation during the cold phase. This switch in
last saturation patterns corresponds with a flip in ENSO variable humidity where the
humidity at this location is lower during La Nina. East of the Pacific region (Figure
2.7f), over Mexico at 255°E, 20°N, and 633 hPa, there is slightly enhanced La Nina last
saturation north of 40°N and there is also clearly more La Nina last saturation associated
with the Hadley circulation and the tropical upper troposphere. This region over Mexico
is also drier during the cold phase.
To summarize, subsaturated air over the north Pacific from about 90°E-250°E,
10°N-25°N, and 300-700 hPa, is drier during the warm phase as a function of more
extratropical last saturation (Figure 2.6). Outside of the region, ENSO variable last
saturation becomes less pronounced both south and north of the subtropics (Figures 2.7a
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and 2.7b). Enhanced high poleward last saturation during the warm phase is a pattern
consistently observed for various vertical pressure levels (Figures 2.6c, 2.6d, 2.7c, and
2.7d) through the subtropical middle troposphere. West of the study region (Figure 2.7e),
over India, there is enhanced high poleward last saturation during the cold phase, and east
of the subtropical Pacific (Figure 2.7f), over Mexico, there is enhanced cold phase last
saturation both poleward of 40°N and in the tropical upper troposphere associated with
the Hadley circulation.
These above delineations and spatial distributions of last saturation patterns,
based on the zonally symmetric tracer configuration results do not address the zonal
transport of air parcels following last saturation. In order to assess the zonal transport of
air parcels following last saturation, we used the results from the global tracer
configuration simulations.

From these data, we calculated tracer-weighted westerly

transport since last saturation as outlined in the Data and Methods section. Both a
composite seasonal average and the ENSO variability of westerly transport after last
saturation are presented in Figure 2.8. The average NDJ westerly transport (Figure 2.8a),
a composite of the 5 El Nino and 5 La Nina seasons, is characterized at 633 hPa by highs
of 40 to 50 degrees longitude transport over the mid-latitudes of the central Pacific.
Values of westerly transport since last saturation are positive (negative) poleward
(equatorward) of 10°N, meaning last saturation tends to have occurred to the west (east).
At 10°N, westerly transport values since last saturation are near zero and they increase
poleward to about 30 to 40 degrees longitude transport since last saturation at the latitude
of about 25°N. Transport values decrease poleward of the mid-latitude highs, indicating
the importance of mid-latitude processes on the transport and distributions of dry air.
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Figure 2.8. NDJ tracer-weighted westerly transport following last saturation (degrees longitude from the
west). Top: 10-season mean (5 El Nino and 5 La Nina) for air at 633 hPa. Contour/shading interval is
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5-degrees. Positive (negative) values indicate more westerly transport following last saturation during El Nino
(La Nina).
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ENSO variability (Figure 2.8b) of tracer-weighted westerly transport is limited to low
latitudes.

Poleward of about 40 degrees latitude, westerly transport following last

saturation does not vary as much by ENSO phase. Over the subtropical Pacific, ENSO
variability in westerly transport after last saturation is positive, meaning that subtropical
air here tends to be transported further to the east following last saturation during El
Nino. The global tracer configuration does not distinguish pressure level or meridional
last saturation information, since tracer domains extend through the troposphere and pole
to pole. However, the westerly transport, particularly enhanced during El Nino, when the
Pacific storm track strengthens, does point to a drying mechanism associated with
westerly flow such as occurs in the mid-latitudes.
To summarize thus far, more of the middle troposphere air over the subtropical
north Pacific is last saturated further poleward, at higher altitudes, and further west
during the warm ENSO phase northern winter.

These last saturation patterns are

associated with enhanced aridity during the warm phase.

Outside of this region,

enhanced cold phase aridity occurs and last saturation patterns are different.

Humidity Reconstruction Experiments
In the following section we arc back to concepts illustrated in the Introduction and
Background section and present results of humidity reconstruction experiments designed
around two of the proposed mechanisms for reducing humidity from time t=1 to t=2.
Subtropical specific humidity can decrease as a function of, in the first case, holding
temperature constant and elevating the position of last saturation, and in the second case,
holding the last saturation position constant and decreasing the temperature at last
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saturation. To simulate the idea of holding temperature constant and altering the last
saturation positions, we reconstructed humidity with each of the El Nino and La Nina
water vapor tracer composites, combined with the average temperature field.

The

average temperature field and the average water vapor tracer field are the 15-season
composites from all of the seasons simulated in this study. To simulate the concept of
holding the position of last saturation constant and changing the temperature field, we
reconstruct humidity with each of the El Nino and La Nina temperature fields, combined
with the average of the water vapor last saturation tracers.
The reorganization of last saturation patterns from cold to warm phases indicates
that extratropical processes in the vicinity of the Pacific storm track correspond to
changes in subtropical humidity from one ENSO phase to another. However, it is not
clear from the probabilities of last saturation alone whether the changes in position of last
saturation act to reduce the warm phase subtropical humidity, or whether this is a passive
component to the system. After all, the extratropical troposphere is colder during El
Nino. We conduct these humidity reconstruction experiments to test whether it is the
changes in position of last saturation or the changes in the temperature field that
determine how subtropical humidity varies by ENSO phase.
Results of these humidity reconstruction experiments are shown in Figures 2.9
and 2.10. Figure 2.9 presents the results of the constant temperature experiment, where
last saturation positions vary but the temperature field remains the same. Humidity
reconstructed from El Nino tracer data and the 15-season average temperatures (Figure
2.9a) has a drier troposphere over the subtropical north Pacific than the humidity
reconstructed from La Nina tracer data and the same 15-season temperature field (Figure

37
a.

0.6

25˚

b.

0.6

25˚
0˚

0.2

c.

0.1

Latitude

50˚

0.4

RH

0.8

Latitude

50˚

0.2

0.0

25˚

RH

0˚

0.4

RH

0.8

Latitude

50˚

−0.1
−0.2

0˚
90˚ 120˚ 150˚

180˚ 210˚ 240˚ 270˚
Longitude
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2.9b).

Relative humidity values are slightly lower here in the constant-temperature

reconstructions than they are in both the NCEP-NCAR Reanalysis and the ENSO phase
reconstructions. The average temperature field likely dilutes extreme values in the warm
and cold phase temperature fields. However, the humidity field in Figure 2.9a minus the
field in Figure 2.9b yields a difference field that matches in sign, structure, and overall
magnitude the observed ENSO variability. Comparison of Fig. 9c with 5a illustrates how
changing the last saturation positions alone in a constant temperature field can account
for much of the observed ENSO humidity variability.
Figure 2.10 presents the results of the alternative experiment with constant last
saturation tracers and variable temperature.

Humidity reconstructed from El Nino

temperatures and the 15-season average water vapor tracers (Figure 2.10a) are not
distinguishable from the humidity reconstructed from La Nina temperatures and the
average water vapor tracers (Figure 2.10b). Holding the tracer field or last saturation
positions constant and altering the temperature as we have done here does not (Figure
2.10c) reproduce the observed ENSO humidity variability. So shifts in the circulation
and weather patterns accounts for the ENSO variability of subtropical humidity.

2.4 DISCUSSION
This study shows a coherent link between ENSO and the humidity of the
subtropical Pacific Ocean that is modulated by ENSO-related changes in extratropical
last saturation. This result is summarized in Figure 2.11, which shows consistency
between Nino 3.4 region SSTs and extratropical last saturation of middle troposphere
subtropical air over the Pacific. A warm tropical Pacific Ocean corresponds with
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enhanced extratropical last saturation of the subtropics. Conversely, during the cold
ENSO phase, cooler equatorial surface waters in the Pacific correspond with decreased
extratropical last saturation of middle troposphere subtropical air. This pattern suggests
the existence of an atmospheric bridge linking the tropical Pacific Ocean to the
extratropical generation of dry air that is subsequently transported to the middle
troposphere over the subtropical north Pacific. It is through these teleconnections, rather
than, for instance local warming or the strength of the Hadley circulation, that the aridity
of the subtropical middle troposphere is modified.
Sea surface temperatures in the tropical Pacific Ocean indirectly impact the path
and strength of the mid-latitude storm tracks [Held et al., 1989]. As shown in Figure 2.2
and documented elsewhere [E.K.M. Chang, 2006; Held et al., 1989; Orlanski, 2005; H
Wang and Fu, 2000] the winter storm track over the north Pacific is stronger and
migrates equatorward during El Nino and migrates poleward during La Nina. Held et al.
[1989] found that upper tropospheric transient eddies determine and influence ENSO
phase variability of the Pacific storm track, as a function of an altered extratropical
stationary wave.

Increased transient eddy activity is a manifestation of increased

baroclinicity over the middle Pacific during El Nino and Orlanski [2005] identified the
ENSO storm track modifications as primarily forced by the baroclinicity, a response to
the SST warming.
Our results show that during periods of warmer equatorial SSTs, when there is
enhanced extratropical baroclinicity and transient activity, and when the Pacific storm
track migrates equatorward, then more dry air is transported from high extratropical
locations of saturation into the subtropical middle troposphere. These locations of high
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extratropical last saturation coincide with the vicinity of the Pacific storm track in the
middle latitude upper troposphere. The changes by ENSO phase in subtropical aridity
over the north Pacific provide a physical example of the idea [Held and Soden, 2000] that
it is the changes in the temperature of last saturation, rather than the local temperature
changes, that primarily influence the changes in relative humidity of the dry regions of
the troposphere. The temperatures of last saturation are modulated by changes in the
locations of last saturation.
Here we consider a couple of ways to think about extratropical last saturation and
ENSO related storm track changes, storm track activity and path. Increased storm track
activity, a stronger storm track, stronger westerly jet, or increased transient activity could
produce more dry air or drier air through enhanced saturation. This idea would seem to
agree with the observation that enhanced Pacific storm track activity during El Nino cooccurs with enhanced aridity of air in the subtropical middle troposphere that as it turns
out has experienced more extratraopical last saturation.
Regarding changes in the storm track path, equatorward migration of the storm
track could provide a mechanism to transport dry air from extratropical saturation into the
subtropics. In this manner, enhanced extratropical last saturation during El Nino (for
subtropical air over the Pacific) could reflect transport of dry air via the equatorward
deflection of the storm track.
Alternatively, poleward or equatorward deflection of the storm track could cause
changes in the meridional distributions of last saturation probabilities.

Poleward

migration of the Pacific storm track, such as happens during La Nina, could conceivably
enhance further poleward last saturation during La Nina.

We do not see this for
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subtropical air over the Pacific.

However, we should note that first, the middle

troposphere over North America, the Gulf of Mexico, and the western Atlantic Ocean is
drier during the cold phase (this study, not shown), and second, ENSO variable last
saturation there is characterized (such as in Figure 2.7f) by enhanced cold phase last
saturation both north of 40°N and in the tropical upper troposphere, apparently associated
respectively with middle latitude processes and the Hadley circulation. Possibly, the
poleward migration of the Pacific storm track during the cold phase yields drier air east
of the Pacific region over North America and the Atlantic.
In addition to middle latitude storm track activity, upper troposphere subtropical
humidity has also been linked with PV intrusions [Ryoo et al., 2008; Waugh, 2005;
Waugh and Funatsu, 2003]. Tongues of dry stratospheric air intrude equatorward from
the extratropics with a near north-south axis [Waugh and Funatsu, 2003] into the
subtropical troposphere. Waugh [2005] found that PV intrusions into the subtropics over
the central Pacific are more frequent during the cold ENSO phase, when the troposphere
is more humid, suggesting that it is the convection east of, rather than the dry air within
the intrusions that more strongly influences the seasonal zonal mean of subtropical
humidity. We observe there to be more local subtropical last saturation during the cold
phase, which appears to be consistent with convection east of the PV intrusions. This
would seem to suggest also an increase of easterly transport following last saturation
during the cold phase.

This also is consistent with our result of reduced westerly

transport following last saturation during the cold phase. The nature of the relationship
between last saturation probabilities and PV intrusions is not certain but there appear to
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be consistencies regarding ENSO variability of humidity in the subtropical middle
troposphere.
The agreement between observed and reconstructed ENSO humidity variability
validates the use of the last saturation approach for investigation of ENSO related
humidity changes over the subtropical north Pacific. In particular, the coherence between
Reanalysis and reconstructed ENSO specific humidity variability, which is not dependent
on local but rather last saturation temperature, demonstrates that the last saturation tracer
technique does capture water vapor redistributions, not merely relative humidity changes.
The results of the heuristic humidity reconstruction experiments, where
temperature and last saturation positions were, respectively, held constant, suggest that
the changes in last saturation patterns alone from La Nina to El Nino northern winter
yield a drier troposphere over the subtropical north Pacific in a manner consistent with
observations.

In contrast, while holding the last saturation positions constant, the

temperature changes from the cold to warm phase do not account for much of the
observed ENSO humidity variability. The degree to which the last saturation water vapor
tracer data can account for the observed ENSO humidity variability, while holding
temperature constant, demonstrates the importance of considering extratropical processes
when studying changes to the humidity of the subtropical troposphere. For example,
extratropical condensation is projected in warming scenarios to migrate up in altitude and
latitude in association with the midlatitude storm tracks [O'Gorman and Schneider,
2008]. These projections suggest changes in extratropical positions of last saturation for
subtropical air in a manner similar to ENSO. The findings presented here suggest that
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understanding how extratropical last saturation positions change is critical to
understanding how the subtropical humidity will be influenced.

2.5 CONCLUSIONS
The goal of this study was to test the hypothesis that ENSO variability of middle
troposphere subtropical aridity is sensitive to changes in last saturation in the vicinity of
the mid-latitude storm tracks. Last saturation water vapor tracers were applied to the
NCEP-NCAR Reanalysis and it was shown that ENSO variable middle troposphere
subtropical humidity over the north Pacific can be explained in terms of changes in
extratropical last saturation associated with the changes in the strength and path [Held
and Soden, 2000] of the northern winter storm track.
Specifically, during El Nino winters, more air is last saturated further poleward, at
higher altitudes, and further west than during La Nina winters. During El Nino (La Nina)
northern winter, about 57% (49%) of the air at 20˚N and 633 hPa across the north Pacific
is last saturated poleward of 20˚N and above 500 hPa. Averaged El Nino and La Nina
tracers of last saturation can be used to accurately reconstruct the first-order
characteristics of ENSO variability of both specific and relative humidity.
Interannual variability of high, poleward last saturation conditions co-varies with
Nino 3.4 region SST anomalies. Higher equatorial Pacific SST anomalies correspond
with more poleward, high, and westerly last saturation and vice versa, suggesting
previously unrecognized links between the tropical ocean, the extratropical atmosphere,
and subtropical aridity of the middle troposphere.
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CHAPTER 3.

A LAST-SATURATION DIAGNOSIS OF SUBTROPICAL

WATER VAPOR RESPONSE TO GLOBAL WARMING
ABSTRACT
We used boreal winter output from an IPCC AR4 GCM simulation to drive an
atmospheric tracer transport model with water vapor last saturation tracers over the
northern hemisphere in order to identify processes that contribute to the global warming
projected increase in specific humidity of the subtropical relative humidity minimum.
Zonal mean DJF specific humidity at the relative humidity minimum increases by about
0.2-0.3 g/kg under global warming by the end of this century. Using our diagnostic
approach, we find only about 7-8% of this increase projected by the CCSM3 A1B
simulation can be attributed to water vapor evaporated from the surface and transported
directly to the subtropical relative humidity minimum without first being processed
through clouds.

Most of the increase in specific humidity at the relative humidity

minimum can be attributed to last saturation within what will be a warmer free
troposphere. About 49% of the projected increase is attributed to last saturation in the
tropical lower troposphere, and the remainder of additional water is attributed to last
saturation in the upper-middle to upper troposphere, 24% from the extratropical upper
troposphere and 18% from the tropical upper troposphere. The water vapor content of
the relative humidity minimum is projected to increase in the 21st century primarily as a
function of increased last saturation temperatures in the tropical lower troposphere,
effectively yielding more water vapor via poleward transport. The increase in specific
humidity is to a degree kept in check by a poleward and upward shift of baroclinic
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instability and saturation patterns that effectively yield drier air to the RH minimum via
isentropic transport.

3.1

INTRODUCTION

Atmospheric water vapor is projected to increase by Global Circulation Model (GCM)
experiments completed for the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) [Lorenz and DeWeaver, 2007]. The expected increase
in specific humidity (q) is, in most regions of the atmosphere, approximately equal to the
amount necessary to maintain near constant relative humidity (RH) [Held and Soden,
2006], and observed increases in q over the last several decades are generally consistent
with near-constant RH [Willett et al., 2008].

In their evaluation of the potential

mechanisms for increasing q, Pierrehumbert et al [2007] cast aside what they call the
‘evaporation fallacy’, in which the atmosphere moistens through enhanced evaporation,
and the ‘saturation fallacy’, in which the atmosphere moistens because of the increased
saturation vapor pressure of a warmer atmosphere.

Instead, they suggest that q in

subsaturated regions of the atmosphere will increase in response to global warming as a
consequence of increased minimum temperature last encountered by the subsaturated air
parcel, as long as parcel trajectories are not significantly altered.

Their proposed

mechanism is thus an indirect effect of the Clausius-Clapeyron (C-C) relationship in
regions controlled by large-scale mixing. In this study, we test the extent to which the
mechanism proposed by Pierrehumbert et al [2007] operates in an IPCC AR4 GCM. We
focus on the subtropical middle troposphere because of the region’s importance to the
water vapor feedback [Held and Soden, 2000].
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The C-C equation determines the temperature dependent saturation specific
humidity (q*), and since air in the subtropical middle troposphere is not at or near
saturation, increasing the local temperature or q*, of the subtropical middle troposphere
does not explain why q there would increase. However, considering the region a product
of large-scale mixing [Pierrehumbert and Roca, 1998] of air last saturated in various
regions of the troposphere allows for a physically based understanding of why warming
the climate leads to increased q, assuming that mixing patterns do not significantly
change.

Pierrehumbert et al. [2007] investigated this mechanism in a Lagrangian

framework, using a 4"CO2 GCM and Wright et al. [2009] recently investigated the
mechanism in an Eulerian framework similar to ours, using a 2"CO2 slab-ocean GCM.
But, to our knowledge, this mechanism has not been investigated in an IPCC AR4 GCM.
In this study we apply an Eulerian last saturation diagnostic technique to output
from the Community Climate System Model version 3.0 (CCSM3) [Collins et al., 2006]
completed for AR4 [Meehl et al., 2007]. We will determine how trajectories of parcels
reaching the subtropics change under global warming and test the effect of both the
trajectories and increased last saturation temperature on q of the subtropical middle
troposphere.

3.2

DATA AND METHODS

Output from a CCSM3 IPCC AR4 simulation was used to drive ten boreal winter
simulations of an atmospheric tracer transport model fixed with last saturation water
vapor tracers, following the methods of Galewsky et al. [2005] and Hurley and Galewsky
[2009]. Six-hourly CCSM3 output were used for diagnostic simulations in the National

55
Center for Atmospheric Research Model for Atmospheric Transport and Chemistry
(MATCH) [Rasch et al., 1997]. We used output from the Special Report on Emissions
Scenarios (SRES) A1B simulation [Nakicenovic and Swart, 2000].

Simulations for

November, December, January, and February were completed in MATCH for 2000/012004/05 and for 2094/95-2098/99. Both the CCSM3 and the MATCH simulations were
completed with a T85 horizontal grid and 26 pressure levels in the vertical. November
was discarded as model spin-up, and two December-January-February (DJF) composites
were computed as averages of the five modern (MOD) and five warm (A1B) seasons.
The last saturation tracer model operates such that upon saturation of a grid point
within a tracer domain (when RH > 90%), all other tracers are reset to zero and the tracer
in which the saturated grid point lies is set to 1 at the point of saturation. Advection
redistributes last saturation probabilities between saturation events. By this process,
time-averaged last saturation probabilities represent the likelihood that air at a grid point
was last saturated within a particular tracer domain. We used 80 tracer domains covering
the troposphere over the northern hemisphere from 10°S to 90°N, 8 vertically stacked
tracer domains per 10°-latitude. Individual tracer domains are 10°–latitude wide, zonally
symmetric, and 2 pressure levels deep. An additional tracer, the ‘source tracer’, is used
to track water vapor evaporated from the surface that does not experience saturation
[Galewsky et al., 2005].
We used last saturation probabilities to reconstruct q as outlined in Galewsky et
al. [2005]. The q contributed from each tracer domain, qtr, to a reference position was
calculated as
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qtr = ctr " q*tr,

(3.1)

where ctr is the time-mean last saturation probability for a tracer domain and q*tr is the
time-mean q* for the same tracer domain. The global warming signal of q contributed
per tracer domain, #qtr, is the A1B minus MOD difference in qtr,

#qtr = [qtr]A1B – [qtr]MOD,

(3.2)

where # indicates A1B minus MOD. Then for the global warming signal, we express
#qtr as a percent of the total #q at the reference position x, #q(x), by

#qtr / #q(x).

(3.3)

As our reference position, we select the grid point of the DJF zonal mean RH minimum,
projected in the A1B composite (601 hPa, 19°N) to have an RH of about 16.4% and an
A1B minus MOD change in RH of less than 1%, consistent with a nearly constant RH.
The RH minimum in the MOD composite is located at 601 hPa and 17.5°N, an adjacent
grid point in the zonal mean.
We constructed two experimental humidity fields from the last saturation tracer
modeling results in order to assess the relative importance of temperature and circulation
changes in determining the expected increase in subtropical q. The experimental q fields,
qexp1 and qexp2, were constructed as
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[qexp1 = cMOD " q*A1B] and [qexp2 = cA1B " q*MOD],

(3.4a and 3.4b)

where cMOD (cA1B) represent last saturation tracers from the MOD (A1B) composite and
q*A1B (q*MOD) represent q* derived from temperatures of the A1B (MOD) composite.
qMOD, reconstructed for the MOD composite, was then subtracted from each of the
experimental humidity fields, for comparison with the projected #q.

3.3

RESULTS

Figure 3.1 shows #q projected by a multi-model ensemble from the World Climate
Research Programme’s (WCRP) Coupled Model Intercomparison Project (CMIP3), the
MATCH internal hydrologic cycle, and the last-saturation tracer-based reconstruction
(A1B minus MOD). The #q at the RH minimum is 0.32 g/kg, 0.21 g/kg, and 0.27 g/kg
for the ensemble average, the MATCH hydrologic cycle, and the tracer-based
reconstruction, respectively.

This increase in q represents an approximately 18%

increase in the specific humidity from the MOD composite to the A1B composite. RH at
the reference position is near-constant (~16.8% RH) from the MOD to A1B composites.
The agreement between the tracer-based reconstruction and the model predictions of #q
indicates that changes in the last saturation probabilities are representative of the changes
in humidity.
Before evaluating the last saturation tracer domains, we first distinguish between
water vapor that can be attributed to either the source tracer or the last saturation tracer
domain network. Figure 3.2 shows the percent of water vapor that can be attributed to
the source tracer. The source tracer, unlike the last saturation tracers, tracks q, rather than
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last saturation probability. The portion of water attributed to the source tracer, the A1B
composite and global warming signal, is

[qsrc / q]A1B and [#qsrc / #q],

(3.5a and 3.5b)

where qsrc is the specific humidity associated with the source tracer.
These quotients are greatest in the subtropical lower troposphere (Figure 3.2a) and
represent water vapor evaporated from the surface that has not been processed through a
cloud. For the global warming signal (Figure 3.2b) at the RH minimum, only about 7.5%
of #q can be attributed to the source tracer, leaving most of #q to last saturation in the
tracer domain network.
We will now present last-saturation probability distributions for the zonally
symmetric tracer domains.

Figure 3.3a shows the global warming change in last

saturation probabilities (#ctr) for the RH minimum. Contours are for projected changes
in synoptic scale baroclinic activity or the storm tracks [Blackmon et al., 1977]. The shift
in last saturation probability distributions, #ctr, is primarily characterized by enhanced
poleward and upward last saturation, a pattern that matches the shift and enhancement of
the baroclinic activity [Wright et al., 2009].
Figure 3.3b shows the global warming change in q attributed to each domain,
from Eq. (3.3). The global warming signal, or the sum of #qtr / #q(x) for tracer domains
from the extratropical upper troposphere, the tropical upper troposphere, and the tropical
lower troposphere are 24%, 19%, and 49%. Most of the additional water that accounts

60

a.

200

[qsrc / q(x)]A1B

0.4

pressure (hPa)

0.05

0.2

600
0.1

q (g/kg)

0.3

400

0.15

800
0.25
1000
0
200

0.1

0.2

0.3
0.35
b.

20

40

60
[Δqsrc / Δq(x)]

0
0.5

0.4

0.3

0.1

q (g/kg)

pressure (hPa)

400

600
0.1
800

1000

0.2
1
0

0.2

0.1

0.3
20
40
60
latitude (degrees north)

0

Figure 3.2. DJF zonal mean specific humidity from the source tracer as a percentage of the total specific
humidity a) qsrcT [ IRUWKH$%FRPSRVLWHDQGE уTsrcуT [ WKHJOREDOZDUPLQJVLJQDO7KH5+PLQLPXPLV
LQGLFDWHGE\WKHZKLWHFLUFOHV

61

Δctr

a.

.02

200
.01

0
600

probability

pressure (hPa)

400

-.01

800

1000

-.02

Δqtr/Δq(x)

b.

.1

200
.05

0
600

percent/100

pressure (hPa)

400

-.05
800

1000

-.1
0

20
40
latitude (degrees north)

60

Figure 3.3. DJF zonal means for a) global warming change in probabilities of last saturation for the RH miniPXP 1K3D >уctr]A1B-MOD (contours are differences in the 2.5-6 day variance of the meridional wind,
contour interval is 5m2/s2), b) global warming change in specific humidity per tracer domain as a percentage
RIWKHWRWDOVSHFLILFKXPLGLW\FKDQJHDWWKH5+PLQLPXP>уTtrуT [ @'DVKHGOLQHVVHSDUDWHUHJLRQVRIODVW
VDWXUDWLRQGLVFXVVHGLQWKHWH[W7KH5+PLQLPXPLVLQGLFDWHGE\WKHEODFNFLUFOHV

62
for #q(x) at the RH minimum comes from air last saturated at elevated temperatures
within the free troposphere, particularly the tropical lower troposphere.
Figure 3.4 shows the results of the humidity reconstruction experiments outlined
in Eq. (3.4a and 3.4b), minus q reconstructed from the MOD composite. Comparison of
these humidity difference fields with Figure 3.1 shows that the experiment with MOD
tracers and A1B temperatures (Figure 3.4a) is similar to, but larger than, the projected #q
(#q=0.31 g/kg at the RH minimum, compared to #q=0.21 g/kg from the MATCH
hydrologic cycle). The alternative experiment, with A1B tracers and MOD temperatures
(Figure 3.4b), does not produce a field resembling the projected #q, and in fact would
yield a negative #q at the RH minimum (#q=-0.02 g/kg).

3.4

DISCUSSION

Probably no more than about 7.5% of the global warming #q at the RH minimum can be
accounted for by direct transport of evaporated surface water. This result helps to
quantify the concept of the ‘evaporation fallacy’ of Pierrehumbert et al [2007]. Most of
the additional water vapor under global warming comes from the increase in q* of last
saturation, not the increase of local q* as implied by the saturation fallacy. This is
perhaps a likely, but not altogether obvious, consequence of global warming.
The last-saturation diagnostic does not provide direct evidence about specific
processes that saturate air in the different regions of the troposphere, but we can make a
few generalizations.

Saturation in the tropical or extratropical upper troposphere

represents dehydration associated with either the Hadley circulation or the mid-latitude
storm tracks [Hurley and Galewsky, 2009]. Transport of air from these regions is either
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forced by cross-isentropic radiative cooling [Couhert et al., 2009], or occurs adiabatically
along approximately isentropic surfaces (Galewsky et al 2005). Saturation in the lowermiddle or lower troposphere may be associated with moist convection, and transport from
the tropical lower troposphere to the RH minimum, is likely a combination of isentropic
poleward moisture transport [Pierrehumbert, 1998] and cross-isentropic turbulent
moistening [Sherwood, 1996].
Our results seem to agree with projected 21st century increases in poleward
moisture transport [Held and Soden, 2006; Sherwood et al., 2009; Waliser et al., 2007].
The poleward and upward shift in last saturation patterns for subsaturated air at the RH
minimum is consistent with the projected shifts of the midlatitude storm tracks [Lu et al.,
2007; O'Gorman and Schneider, 2008; Schneider et al., 2009; Yin, 2005].
The humidity reconstruction experiments allowed us to isolate the influence of
A1B temperature and circulation changes on humidity. The experimental effect of A1B
temperature changes alone is to moisten the free troposphere, in a manner similar to, but
larger in magnitude than, the AR4 projections. Alternatively, the experimental effect of
A1B trajectory changes alone is to slightly reduce q at the RH minimum. The combined
net effect of A1B trajectory and last saturation temperature changes is the projected
increase in q, and near-zero change in RH, at the RH minimum. This is consistent with
Pierrehumbert et al.’s [2007] finding that the net effect of both temperature and
circulation changes in their 4"CO2 experiment was minimal change in the spatial
frequency distribution of middle latitude RH. Furthermore, these results corroborate the
idea presented in Pierrehumbert et al. [2007] that the C-C relation indirectly explains the
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moistening of the RH minimum in terms of non-local mixing of air parcels last saturated
at warmer temperatures.

3.5

CONCLUSIONS

We have shown that changes in q near the subtropical RH minimum are controlled by
increases in the temperature of last saturation, and that circulation changes have only a
minimal impact. Projected zonal mean DJF increases of q at the RH minimum are about
0.2-0.3 g/kg. About 7-8% of this increase can be accounted for by direct transport of
surface evaporation of water vapor that is not processed through a cloud along its path to
the RH minimum. Most of the projected #q at the RH minimum can be attributed to last
saturation within what will be a warmer free troposphere. The water vapor content of the
RH minimum increases primarily as a function of increased last saturation temperatures
in the tropical lower troposphere, and enhanced poleward moisture transport.

The

increase in q is, to a degree, kept in check by a poleward and upward shift of baroclinic
instability and last saturation that effectively yields drier air to the RH minimum via
isentropic transport.

Acknowledgements:

We thank Adam Sobel and Jonathon Wright for thoughtful

comments on an earlier version of the manuscript that vastly improved the nature of this
paper. NSF grant ATM- 0542388 supported this research.

CHAPTER 3. REFERENCES

66
Blackmon, M. L., J. M. Wallace, N.-C. Lau, and S. L. Mullen (1977), An observational
study of the northern hemisphere wintertime circulation, Journal of the Atmospheric
Sciences, 34, 1040-1053.

Collins, W. D., et al. (2006), The Community Climate System Model Version 3
(CCSM3), Journal of Climate, 19(11), 2122-2143.

Couhert, A., T. Schneider, J. Li, D. E. Waliser, and A. M. Tompkins (2009), The
maintenance of the relative humidity of the subtropical free troposphere, Journal of
Climate, in press.

Galewsky, J., A. H. Sobel, and I. H. Held (2005), Diagnosing subtropical humidity
dynamics using tracers of last saturation, Journal of the Atmospheric Sciences, 62, 33533367.

Held, I. M., and B. J. Soden (2000), Water vapor feedback and global warming, Annual
Review of Energy and the Environment, 25, 441-475.

Held, I. M., and B. J. Soden (2006), Robust responses of the hydrological cycle to global
warming, Journal of Climate, 19(21), 5686-5699.

Hurley, J. V., and J. Galewsky (2009), A last-saturation analysis of ENSO humidity
variability in the subtropical Pacific, Journal of Climate, in press.

67
Lorenz, D. J., and E. T. DeWeaver (2007), The response of the extratropical hydrological
cycle to global warming, Journal of Climate, 20, 3470-3484.

Lu, J., G. A. Vecchi, and T. Reichler (2007), Expansion of the Hadley cell under global
warming, Geophysical Research Letters, 34, 5.

Meehl, G. A., et al. (2007), Global Climate Projections, in Climate Change 2007: The
Physical Science Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, edited by S. Solomon, D.
Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor and H. L. Miller,
Cambridge University Press, Cambridge, United Kingdom and New York, NY.

Nakicenovic, N., and R. Swart (Eds.) (2000), Special Report on Emissions Scenarios,
New York.

O'Gorman, P. A., and T. Schneider (2008), The hydrological cycle over a wide range of
climates simulated with an idealized GCM, Journal of Climate, 21, 3815-3832.

Pierrehumbert, R. T. (1998), Lateral mixing as a source of subtropical water vapor,
Geophysical Research Letters, 25, 151-154.

Pierrehumbert, R. T., and R. Roca (1998), Evidence for control of Atlantic subtropical
humidity by large scale advection, Geophysical Research Letters, 25(24), 4537-4540.

68
Pierrehumbert, R. T., H. Brogniez, and R. Roca (2007), On the relative humidity of the
atmosphere, in The Global Circulation of the Atmosphere, edited by T. Schneider, Sobel,
A., Princeton University Press.

Rasch, P. J., N. M. Mahowald, and B. E. Eaton (1997), Representations of transport,
convection, and the hydrologic cycle in chemical transport models: Implications for the
modeling of short-lived and soluble species, Journal of Geophysical ResearchAtmospheres, 102(D23), 28127-28138.

Schneider, T., P. A. O'Gorman, and X. Levine (2009), Water vapor and the dynamics of
climate changes, Review of Geophysics, in review.

Sherwood, S. C. (1996), Maintenance of the free-tropospheric tropical water vapor
distribution. Part I: Clear regime budget, Journal of Climate, 9, 2903-2918.

Sherwood, S. C., R. Roca, T. M. Weckworth, and N. G. Andronova (2009), Tropospheric
water vapor, convection and climate, Review of Geophysics, 48, 29.

Waliser, D., K.-W. Seo, S. Schubert, and E. Njoku (2007), Global water cycle agreement
in the climate models assessed in the IPCC AR4, Geophysical Research Letters, 34.

Willett, K. M., P. D. Jones, N. P. Gillett, and P. W. Thorne (2008), Recent changes in
surface humidity: development of the HadCRUH dataset, Journal of Climate, 21, 53645383.

69
Wright, J., A. Sobel, and J. Galewsky (2009), Diagnosis of relative humidity changes in a
warmer climate using tracers of last saturation, Journal of Climate, submitted.

Yin, J. H. (2005), A consistent poleward shift of the storm tracks in simulations of 21st
century climate, Geophysical Research Letters, 32.

70
CHAPTER 4.

CONTROLS

ON

TEMPORAL

VARIABILITY

IN

ATMOSPHERIC WATER VAPOR STABLE ISOTOPLOGUES FROM MAUNA
LOA OBSERVATORY, HAWAII
ABSTRACT
A field campaign, from 9 October to 6 November, 2008, included continuous (6 seconds)
in-situ measurement of water vapor stable isotope ratios at the NOAA Mauna Loa
Observatory (MLO), Hawaii. !D values correlate with water vapor mixing ratios, and are
characterized by both diurnal fluctuations and longer (about 2 to 7 days) period
variability. Daily fluctuations, as broad as from -350 ‰ to -100 ‰, are related to
daytime lifting and nighttime compression of the trade inversion. We focus on the longer
period variability of nighttime !D values, which range from -365 ‰ to -137 ‰, as these
patterns are more representative of processes in the free troposphere. To do so, we
determined last saturation conditions for air at MLO using both Lagrangian backtrajectory and Eulerian GCM-based techniques. Last saturation of air at MLO occurs
primarily in the extra-tropical middle-upper troposphere, along mid-latitude baroclinic
zones, and secondarily near Hawaii within mesoscale convective systems. Periods of
lower (elevated) !D values at MLO correspond to extra-tropical (near-Hawaii) last
saturation. To assess the influence of mixing on water vapor !D values at MLO, we
reconstructed humidity and !D values from both our Lagrangian and Eulerian last
saturation model results. Lagrangian –based reconstruction of specific humidity reflects
the overall mean and range of values observed at MLO. However, without accounting
for mixing, the Lagrangian –based reconstruction of water vapor !D values overestimates
both the mean and the full range of observed values. The 2 to 7 day variability of the
Eulerian –based reconstruction of specific humidity correlates with the observed patterns
of nighttime specific humidity. The Eulerian –based reconstruction for specific humidity
does underestimate the observed humidity during moist periods. Because the Eulerian –
based reconstruction of !D values accounts for mixing of parcels from distinctly different
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last saturation regions, there is good agreement between the mean, range, and temporal
variability of both the reconstructed and observed nighttime !D values at MLO.
4.1

INTRODUCTION
Stable isotopes of hydrogen and oxygen are tracers of the hydrologic cycle [Gat,

1996]. Field campaigns to measure stable isotope compositions of atmospheric waters
have until recently focused primarily on precipitation samples [He and Smith, 1999; Lee
et al., 2007; Vachon et al., 2010]. Condensation results from the cooling of vapor, and
the vapor itself has a history that can be traced back to when and where the air parcel was
last saturated [He et al., 2001]. Because the humidity of sub-saturated regions of the
atmosphere is a function of the conditions at which the air was last saturated [Held and
Soden, 2000; Pierrehumbert et al., 2007], the isotopic composition of water vapor in the
dry subtropics also depends on the degree to which parcels are mixed from different
regions of the atmosphere [Galewsky and Hurley, 2010]. Field campaigns involving
continuous measurement of water vapor stable isotope compositions are limited to only a
few studies [Iannone et al., 2010; Lee et al., 2007; Strong et al., 2007], with little focus
on the subtropical middle troposphere [Galewsky et al., 2007], or on temporal variability
on the order of about 2 to 7 days[Lykoudis et al., 2010]. In the arid subtropical middle
troposphere, the stable isotope composition of water vapor is thought to be primarily
controlled by large-scale mixing [Galewsky and Hurley, 2010]. In this study we evaluate
the processes that control temporal variability of stable isotope compositions of water
vapor from the north Pacific subtropical free troposphere in measurements made near the
summit of Mauna Loa, Hawaii.
Measurement of the stable isotope composition of the water vapor can potentially
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be used to understand atmospheric processes that control the humidity of the subtropics
[Galewsky and Hurley, 2010]. Advection-condensation modeling can be used to assess
the relative importance of various processes that control humidity [Cau et al., 2007;
Dessler and Minschwaner, 2007; Galewsky et al., 2005]. Over the long term, joint
observation of both humidity and water vapor isotope composition may be used to
identify the processes that contribute to increased moisture in response to global warming
[Galewsky and Hurley, 2010].
In the last decade, Earth observing satellites have achieved the capability to
measure a vertically integrated measurement of the water vapor isotope ratio [Brown et
al., 2008; Payne et al., 2007; Worden et al., 2007], but due to the nature of such satellite
observations, spatial and temporal resolutions are coarse, and accuracy is limited. Tabletop laser-based instruments are also becoming more readily available, allowing for in-situ
continuous measurement of water vapor stable isotope composition [Gupta et al., 2009b;
Iannone et al., 2010]. This sampling approach is more efficient, less labor intensive, than
sample collection with either a flask or cryogenic trap and subsequent laboratory analysis
with a mass spectrometer [Johnson et al., 2010]. Here, we focus on the results of the
laser-based component of a field campaign of stable isotope measurements, which
included the continuous in-situ laser measurements as well as daily to sub-daily
conventional flask and cryogenic trap sampling. The period of the field campaign also
coincided with satellite observations made by the National Aeronautics and Space
Administration’s (NASA) Tropospheric Emission Spectrometer (TES) on-board NASA’s
Aura satellite [Worden et al., 2006].
The technology behind the laser-based measurements made for this study is
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summarized in Gupta et al. [2009a].

A discussion of the flask and cryogenic trap

sampling results is presented in Johnson et al. [2010]. The isotope ratios obtained with
TES were presented in Worden et al. [2010]. The focus of our paper is the relationship
between the large-scale circulation, last saturation histories of the air at Mauna Loa, and
the hydrogen isotope composition of the water vapor. The oxygen isotope composition
was also measured during this field campaign but we focus for simplicity on hydrogen.
The patterns of temporal variability for both oxygen and hydrogen isotope composition
are the same. Following the procedure of Galewsky and Hurley [2010], we are able to be
able to assess the role of large-scale mixing in setting the specific humidity and water
vapor hydrogen isotope composition in the subtropical middle troposphere.

We

conducted a Lagrangian back-trajectory analysis of air parcels launched from Mauna Loa,
and we compare the results with those from a Eulerian modeling analysis of last
saturation probability. The former modeling approach assumes no mixing, and considers
the air at Mauna Loa to be Lagrangian parcels that were last saturated when they
encountered a cloud. The Eulerian approach considers the air at Mauna Loa to be an
assortment of parcels that were last saturated and then mixed from various regions of the
atmosphere. It is well established that the humidity of the sub-saturated troposphere is
set, to a large degree, by the conditions of last saturation [Pierrehumbert et al., 2007;
Sherwood, 1996]. However, we expect that mixing may also be an important factor in
setting the isotope ratio of water vapor in this sub-saturated air.

4.2

DATA AND MODELS

4.2.1 Observations at MLO
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Continuous measurement of water vapor stable isotope compositions were made at
the National Oceanic and Atmospheric Administration’s (NOAA) Earth System Research
Laboratory at Mauna Loa, Hawaii (MLO). Water vapor mixing ratio and water vapor
hydrogen and oxygen isotope ratios were measured in the ambient air approximately
every six seconds with the Picarro Incorporated Isotopic Water Vapor Analyzer, using
Wavelength Scanned Cavity-Ringdown Spectroscopy (WS-CRDS) [Gupta et al., 2009a].
Mixing ratio and isotope compositions were also measured every ten seconds with the
Los Gatos Research Incorporated Water Vapor Isotope Analyzer, using off-axis cavity
enhanced spectroscopy. The field campaign took place from October 9 to November 6,
2008. References to dates and times in this paper are local Hawaiian time, and all
references are in units of day of the year. For example, October 9, 2008 was day of the
year 283, and November 6 was day of the year 311.
The laser-based techniques operate by passing an infrared laser through a parcel of
air. On the basis of the degree of absorption at specific wavelengths characteristic of the
different isotopologues of water, the mole fraction concentration of each isotopologue
can be computed. The data are reported in conventional delta notation (!), where,
! = [(Rsample/Rstandard) - 1] " 1000,

(4.1)

in units of parts per thousand (per mil [‰]). R is the ratio of heavy to light isotope. The
standard for both hydrogen and oxygen isotope ratios is the Vienna Standard Mean
Ocean Water (VSMOW) with a defined value of 0.0 ‰. The precision reported for the
Picarro and Los Gatos instruments are 1 ‰ and 0.2 ‰, for ranges of humidity mostly
higher than the typical humidity at MLO [Noone et al., 2010]. All isotope measurements
made during the campaign were subsequently corrected to the VSMOW scale by Johnson
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et al. [2010].

The corrections were made for the laser based instruments’ bias to

underestimate the heavy to light isotope ratio when the water vapor concentration is
particularly low.

For the purposes of this study, Johnson et al.’s [2010] corrected

versions of both the Picarro and Los Gatos measurements are nearly indistinguishable
from each other, and for simplicity we use the corrected Picarro data.

4.2.2 Lagrangian Advection-Condensation Modeling
For the Lagrangian advection-condensation perspective, back-trajectories were
calculated using the NOAA Hybrid Single Particle Lagrangian Integrated Trajectory
Model (HYSPLIT) [Draxler and Hess, 1997]. Air parcels were tracked from the model
grid-point nearest MLO every six hours over the course of the campaign period. The 6hourly NCEP Reanalysis [Kalnay et al., 1996] for September, October, and November
2008 were used for the trajectory simulations. Vertical motions were determined by an
isentropic method whereby the value calculated at each time-step is the velocity needed
for the parcel to remain on a surface of constant potential temperature. Parcels slowly
migrate away from constant potential temperature surfaces [Draxler and Hess, 1997],
which introduces some uncertainty. We also simulated back-trajectories using NCEP
vertical velocity and did not find this choice to strongly influence our results. The
Lagrangian approach does not account for mixing and the choice of vertical velocity (not
shown) does not compensate for this limitation. Trajectories were run backward for 30
days, tracking position, temperature, humidity, precipitation, and other variables each
hour. We consider air parcels to have been saturated when they first encounter a column
precipitation rate equal to or exceeding 0.15 millimeters per hour along a back-trajectory.
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We found that parcels rarely experience a relative humidity of 90 percent along these
Lagrangian back-trajectories and for some parcels, the relative humidity is never even as
high as 80 percent over a 30 day tracking period. However, all parcels launched from
near the MLO site do encounter non-zero precipitation rates within the first couple of
weeks. By using precipitation as the criteria for saturation, all parcels can be evaluated
for time and position of last saturation along back-trajectories.

Once the time and

position of last saturation is identified, then we set the specific humidity and isotope
composition equal to those values from the IsoGSM model [Yoshimura et al., 2008]
output for the time and position of last saturation. The IsoGSM model output is an
isotope enabled GCM that is nudged by NCEP Reanalysis data.

4.2.3 Eulerian Advection-Condensation Modeling
For the Eulerian advection-condensation perspective, six-hourly NCEP Reanalysis
was used to drive an atmospheric tracer transport model fixed with a network of zonally
symmetric last saturation water vapor tracers, following the methods of Galewsky et al.
[2005] and Hurley and Galewsky [2010b]. The diagnostic simulation was conducted
using the National Center for Atmospheric Research Model for Atmospheric Transport
and Chemistry (MATCH) [Rasch et al., 1997]. The weather for September through
November was simulated and September is considered as an initial model period when
the dynamical equations achieve equilibrium. We focus on last saturation probability
results for the field campaign that ran from early October to early November. The
simulation was completed at a T62 horizontal grid and 28 pressure levels in the vertical.
The model operates such that upon saturation of a grid-point, when the relative
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humidity meets or exceeds 90 percent, then the tracer domain in which the grid-point
resides is set to 1 [Galewsky et al., 2005]. All other tracer domains, for the grid-point, are
set to zero, and the advection scheme redistributes last saturation probabilities between
saturation events. The resultant six-hourly time-series of a tracer’s concentrations then
represents the time variable probabilities that air at the MLO was last saturated within the
tracer’s domain.

The tracer domain network was configured over the northern

hemisphere, from latitude 10ºS to 90ºN. All 100 tracer domains were zonally symmetric
around the globe and were 10º of latitude wide and 2 vertical pressure levels deep. For
each 10º of latitude, there were 10 vertically stacked tracer domains from just above the
boundary layer, above the lowest model level, up to the tropopause. In addition to the
water vapor tracer domain network, which accounts for most of the air at MLO, an extra
tracer referred to as the source tracer handles water that is evaporated from the surface
but that has not yet encountered saturation. In this manner, we can account for water
vapor at MLO by two paths, either from air last saturated within the free troposphere, or
as water evaporated from the surface but not yet processed through a cloud.

4.2.4 Humidity and Isotope Reconstruction Calculations
Using both the Lagrangian and Eulerian advection-condensation model results, we
reconstructed water vapor mixing and isotope ratios for the air at the MLO. By doing so,
we assess the influence that large-scale mixing and circulation have on the temporal
variability of water vapor isotope and mixing ratios.
First, we reconstruct the time-series for the amount of water vapor at MLO, based
on saturation conditions from the HYSPLIT back-trajectory and MATCH last saturation
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simulations.

For the back-trajectory analysis, the q at time t, qt, is considered equal to

the q* at the time of last saturation, where q* is calculated from the temperature and
pressure fields taken from the HYSPLIT output. For the last saturation GCM simulation,
qt is calculated as a sum of the products of the probability of last saturation c, and the
saturation specific humidity q*, at time t, for each tracer domain i, by
qt = " (ct # q*t)i.

(4.2)

This technique for reconstructing specific humidity from a last saturation probability
distribution for an Eulerian network of last saturation tracer domains follows that of
Galewsky et al. [2005] and Hurley and Galewsky [2010b].
For reconstructing the time-series of !D values at the MLO, from the Lagrangian
results, we combine our results on last saturation conditions, with information on water
vapor isotopologue quantities taken from the IsoGSM simulations. For the HYSPLIT
(Lagrangian) isotope reconstruction of the time-series of !D at the MLO, !D per timestep, !Dt, is taken to be equal to !D at the time and location of last saturation from the
IsoGSM output. As with the water vapor amount reconstruction, the HYSPLIT based
reconstruction assumes no mixing. For reconstructing the time-series of !D values at the
MLO, from the Eulerian results, we combine the last saturation distribution results, with a
D/H ratio calculated for each tracer domain assuming Rayleigh fractionation up to each
tracer domain. As indicated earlier, the Eulerian MATCH based reconstruction of !D at
the MLO implicitly does assume the air to be a product of mixing of air from various last
saturation regions. As such, the hydrogen isotope ratio of water vapor at each time-step
is calculated by
!Dt = ( ( " (ct # Rt)i) - 1) " 1000,

(4.3)
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where R is the D/H ratio assuming Rayleigh fractionation to the density weighed
temperature of last saturation associated with a tracer domain.

4.3

RESULTS

4.3.1 Water Vapor Isotope Compositions WATER
Time-series for the MLO field campaign water vapor mixing ratios and !D values
are shown in Figure 4.1. The temporal patterns of both water vapor mixing and isotope
ratios are similar. The patterns are characterized by diurnal cycles overprinted upon
longer period, temporal variability on the order of 2 to 7 days. We interpret the diurnal
cycle to represent the daytime lifting of the top of the boundary layer, the trade wind
inversion, and relatively humid air with high D/H ratios. The higher daytime isotope
ratios, on the order of -150 ‰ to -80 ‰, are representative of the marine boundary layer
and water vapor recently evaporated from the ocean surface [Galewsky et al., 2007;
Sharp, 2006]. Diurnal cycles in the height of the trade wind inversion are primarily
related to radiative heating of cloud tops [Brill and Albrecht, 1982]. During periods
when the overnight conditions at MLO are dry and D/H ratios are low, then the daily
range of !D values is from -350 ‰ to -100 ‰. During periods when the specific
humidity is relatively higher at MLO and the water vapor D/H ratios are relatively higher,
then the daily range in !D values at MLO is smaller, about -200 ‰ to -120 ‰.
At night, the boundary layer is compressed, the trade wind inversion subsides [Cao
et al., 2007] below the altitude of the MLO, and the air at the sampling site is more
representative of the middle troposphere. The air is drier and the water vapor has low
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D/H ratios. In this paper we focus on the temporal variability, on the order of about 2 to
7 days, of the nighttime humidity and isotope composition. Two pronounced several-day
periods define the time series. The first of these is a dry period from about days 290 to
294 with low !D values from about -400 ‰ to -300 ‰. During the later period, about
days 300 through 305, the water vapor mixing ratio at MLO is higher, and !D values are
higher, around -200 ‰.
Included in Figure 4.1 (solid lines) for comparison to the observations are model
output of both q from the NCEP Reanalysis and !D values from IsoGSM for a model
grid-point nearest MLO. Temporal patterns of q from the Reanalysis match the observed
longer period variability of humidity at MLO, but the Reanalysis underestimates the
observed humidity during the more humid periods, for instance from days 300 to 305.
Temporal patterns of the model output of !D values from the IsoGSM database do not
correspond with the observations. Differences between the observations made at MLO
and the six-hourly model output are not surprising given the gridded nature of the model
and the temporal resolution of the observations.

4.3.2 Lagrangian Back-Trajectories
The horizontal distribution of last saturation along back-trajectories (Figure 4.2a)
indicates that transport of dry air to the MLO follows an anticyclonic pattern after
saturation. Most last saturation positions occur over the extra-tropical north Pacific. This
pattern of transport along an anticylone trajectory following saturation on the perimeter
of the storm tracks, relates the air at MLO to the mid-latitude baroclinic systems that
migrate across the Pacific. These two regions, the dry subtropical middle troposphere
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and the extra-tropical storm track regions, are linked approximately by surfaces of
constant potential temperature, upon which baroclinic eddies dehydrate air and transport
it to the subtropics. In addition to mid-latitude storms, there is also a large cluster of last
saturation locations in the vicinity, east and south, of the Hawaiian Islands. The vertical
distribution of last saturation along back-trajectories (Figure 4.2b) shows that these nearHawaiian last saturation positions occur below the MLO, suggesting last saturation
associated with mesoscale convective systems. We further distinguish the last saturation
regimes using the NCEP Reanalysis precipitation rate fields (not shown). Eighty to
ninety percent of the precipitation rate at the latitude of Hawaii across the Pacific is in the
form of convective precipitation. North of about 40ºN, convection accounts for less than
30% of the precipitation rate.
Low D/H ratios during the relatively dry interval from about days 290 to 294
correspond to trajectories that encounter last saturation over the northeastern Pacific and
northwestern North America (Figure 4.3a).

Last saturation during this interval is

associated with a westerly low-pressure storm system that extends across the extratropical north Pacific. High D/H ratios during the relatively humid interval from about
days 300 to 305 correspond to trajectories that encounter last saturation near Hawaii,
within a mesoscale convective system (Figure 4.3b).

4.3.3 Eulerian Last Saturation Probabilities
The Eulerian modeling approach shows that about 97 percent of the air at the MLO
was last saturated within the free troposphere during the field campaign, and the 3
percent remainder was from surface evaporation. Figure 4.4a shows the time-mean last
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saturation probability distribution for reference air at the MLO. Color shading represents
the likelihood that air at the reference position was last saturated within the tracer
domain. The sum of last saturation probabilities for tracer domains north of 20ºN and
above 500 hPa indicates that about 65 percent of the air at MLO was last saturated in the
extra-tropical upper troposphere, and about 10 percent of the air at MLO is last saturated
in the direct vicinity of Hawaii, between 10ºN to 30ºN and about 750 hPa up to 500 hPa.
To identify last saturation regions associated with the largest magnitude of temporal
variability, we calculated the standard deviation from the time-series of last saturation
probability, for each tracer domain. The standard deviation of last saturation probability
is greatest in both the extra-tropical upper troposphere and near Hawaii in the lowermiddle troposphere (Figure 4.4b). If we consider the time-series (Figure 4.4c) for those
tracer domains with both the greater time-mean probabilities and the greatest temporal
standard deviations, we see that during those periods of high (low) !D values at the
MLO, there is greater last saturation probability associated with near-Hawaiian (extratropical upper troposphere) tracer domains. From days 290 to 294, there is more last
saturation associated with the extra-tropical upper troposphere (Figure 4.5a). And, from
days 300 to 305, there is more near-Hawaiian last saturation (Figure 4.5b). Mixing of air
last saturated in distinctly different regions is prevalent during this latter period when
humidity at MLO is relatively high and the air is a mixture of not only parcels last
saturated in the extra-tropical upper troposphere, but also of parcels last saturated nearby
in the warmer and moister tropical lower troposphere, where water vapor D/H ratios are
higher than they are in the extra-tropical upper troposphere.
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4.3.4 Humidity and Isotope Reconstructions
The results of both specific humidity reconstructions are presented in Figure 4.6.
Because the HYSPLIT based reconstruction does not account for mixing of air parcels
from various last saturation regions, there is much more variability than the MATCH
based reconstruction. Both reconstructions do capture such first order variability as the
consistently dry period from about days 290 to 294 and the higher humidity period from
days 300 to 305. The MATCH based reconstruction underestimates humidity at the
MLO during periods of high humidity but captures the first order temporal variability
patterns. The mean of the Lagrangian HYSPLIT reconstructed values for q match well
with the mean of the overnight observations (midnight to 0600 hours); 3.32 g/kg
observed and 3.42 g/kg Lagrangian reconstructed. The mean of q from both the NCEP
Reanalysis and the Eulerian MATCH based reconstruction underestimate the observed
mean; 2.10 g/kg Reanalysis and 2.05 Eulerian reconstructed. Despite underestimating the
range of values for q at MLO, the Reanalysis and the Eulerian based reconstructions have
higher correlation coefficients to the time-series of overnight observations, than does the
Lagrangian reconstruction.

Correlation coefficients (r) for the Reanalysis, and the

Eulerian and Lagrangian –based reconstructions, compared to the observations, are;
r=0.73, r=0.75, and r=0.24. These results suggest that the Lagrangian approach captures
the observed range of values and the overall mean of the observed humidity, but that the
Eulerian approach captures the pattern of the longer period (2 to 7 days) variability, and
like the Reanalysis, the Eulerian approach underestimates the humid end of the range of
observed q.
Time-series of the isotope reconstructions are shown in Figure 4.6. The Lagrangian
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HYSPLIT based isotope reconstruction overestimates the magnitude and frequency of
variability. The Eulerian MATCH based reconstruction captures both the magnitude and
frequency of the variability of the over-night !D values observed at the MLO. The
correlation coefficients between the Lagrangian and Eulerian –based reconstructions of
the water vapor !D values are r=0.18 and r=0.76, The means of the observed, and both
the Lagrangian and Eulerian –based reconstructions are about; -248 ‰, -192 ‰, and -245
‰. In the case of the stable isotope composition, the Eulerian approach captures the
range and mean of observed values as well as the patterns of the 2 to 7 day variability,
but the Lagrangian approach is insufficient to characterize the observed water vapor !D
values at MLO.

4.4

DISCUSSION
There is temporal variability in the overnight values of !D and water vapor at

MLO, on the order of a couple to several (about 2 to 7) days, when values vary from
about -300 ‰ to -200 ‰ and from about 1 to less than 10 g/kg. Periods of low humidity
and low !D values at MLO correspond to last saturation in the extra-tropical upper
troposphere. Periods of higher humidity and higher !D values at MLO correspond to
decreased last saturation in the extra-tropical upper troposphere, increased near-Hawaiian
last saturation associated with mesoscale convection, and enhanced mixing of air parcels
last saturated in these end-member last saturation regimes. During these latter more
humid periods, a Eulerian approach is better suited to account for large-scale mixing of
parcels from disparate regions.

This result suggests that mixing is more readily

quantified in the dry subtropics when air parcels with very different histories are mixed
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together. During the drier intervals at MLO, the discrepancy between observations and
reconstructions likely represents the inability to fully reconcile gridded model output with
point observations.
The observed longer period (about 2 to 7 day) temporal variability of water vapor
!D values at MLO reflects mixing between last saturation associated with nearby
mesoscale convective systems and baroclinic activity of the extra-tropical upper
troposphere. The large-scale circulation and the degree to which parcels are mixed from
disparate last saturation regions accounts for the temporal patterns of water vapor !D
values at MLO. This result agrees with those of Strong et al. [2007] in that the source of
vapor influences time-varying isotope composition..

These results further extend

advection-condensation concepts beyond humidity to the isotope compositions of water
vapor in the sub-saturated free troposphere.
The isotope composition of the water vapor in this study directly correlates with
humidity. This relationship or one that relates isotope composition to relative humidity
[Wen et al., 2010], either at MLO or at the evaporative source region [Broecker, 1997;
Pfahl and Wernli, 2008], does not provide a mechanistic explanation for how !D values
vary by as much as 100 ‰ over the course of several days. Lawrence and Gedzelman
[2003] correlated water vapor with low D/H ratios to fractionation associated with storm
activity precipitation [Lawrence and Gedzelman, 2003], a relationship they extended to
tropical ice core stable isotope records. In Thompson et al.’s study of tropical ice core
records from Peru [Thompson et al., 1995], !18O varied by 8 ‰ from the ice age to the
Holocene. At MLO, !18O varied from about as low as -50 ‰ to as high as -10 ‰
throughout the field sampling campaign.
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As with Lawrence and Gedzelman [2003], we would argue that the mechanism we
identify here for governing water vapor isotope variability has the potential for
influencing longer-term historical or paleoclimate proxies.

In

addition

to

last

saturation patterns, the vertical temperature profile, and the elevation of precipitation
formation are relevant to the isotope record of a paleoclimate proxy [Pierrehumbert,
1999] such as tropical ice cores. But, if we hold the temperature profile and the altitude
of precipitation formation constant, then the climatology and variability of the large-scale
circulation becomes critical to the isotope record. The complexities that contribute to a
precipitation isotope signature have left open the discussion [Wanner et al., 2008] of late
glacial and Holocene tropical ice records [Thompson et al., 1995]. Wanner et al.’s [2008]
recent review of Holocene climate change identified the interpretation of the stable
isotope records from Thompson et al.’s [1995] tropical ice core records as unresolved.
Some discussion of large-scale circulation and associated last saturation patterns for the
vapor from which precipitation is drawn should be included in the conversation on proxy
paleo-water stable isotope compositions.
We are limited here by the one-month duration of our study. Having conducted the
experiment in boreal autumn, we might have expected last saturation to be associated
with mid-latitude baroclinic activity because the storm track is most active in the cold
season. It is not obvious what last saturation patterns might be for air at MLO during the
boreal warm season. Suppression of mid-latitude baroclinic activity during those months
may yield enhanced near-Hawaiian last saturation and water vapor with high D/H ratios
at MLO. Also, it is not difficult to imagine an annual cycle and inter-annual variability to
the water vapor isotope composition of the subtropical middle troposphere, related to
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changes in the large-scale circulation. Long-term monitoring of the water vapor isotope
composition of the subtropical middle troposphere would allow us to identify these
aspects of the climatology. We would also be able to essentially observe how circulation
and temperature changes associated with global warming alter the humidity of the
subtropics, a critical factor in the water vapor feedback [Galewsky and Hurley, 2010].
Given the projected humidity and circulation changes in response to global warming
[Lorenz and DeWeaver, 2007; Lu et al., 2007; Vecchi, 2008; Yin, 2005] and the projected
changes in last saturation patterns [Hurley and Galewsky, 2010a; Wright et al., 2009], we
would expect the heavy to light stable isotope ratio of water vapor in the dry subtropics to
increase as a function of the projected increase in last saturation temperatures.

4.5

CONCLUSIONS
During the 2008 field program, !D values measured at MLO correlate with q. Both

signals are characterized by diurnal fluctuations and longer period variability on the order
of 2 to 7 days. The daily changes are related to the overnight compression of the
boundary layer and daytime lifting of the trade inversion. When q and !D values are low
at MLO, the diurnal range of !D values is from as low as -350 ‰ overnight, to -100 ‰.
When q and !D values are relatively higher at MLO, the diurnal changes in !D values at
MLO are not as large, about -200 ‰ to -120 ‰.
Longer period temporal variability, on the order of 2 to 7 days, of nighttime !D
values at MLO, typically about -300 ‰ to -200 ‰, is a function of the degree of mixing
of parcels last saturated in disparate regions of the free troposphere. When the signal at
MLO is characterized by dry air with low water vapor D/H ratios, the air tends to have
been primarily last saturated in the extra-tropical upper troposphere, in association with
baroclinic activity. When the signal at MLO is characterized by humid air, with higher
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water vapor D/H ratios, the air is more a mixture of parcels last saturated both nearHawaii in mesoscale convective systems, and far afield in the extra-tropical upper
troposphere.
Lagrangian –based reconstruction of q reflects the overall mean and range of q
observed at MLO. However, without accounting for mixing, the Lagrangian –based
reconstruction of water vapor !D values overestimates both the mean and the full range
of !D values observed at MLO. The 2 to 7 day variability of the Eulerian –based
reconstruction for q correlates with the observed variability of nighttime q values at
MLO.

The Eulerian –based reconstruction for q does underestimate the observed

humidity during moist events such as from days 300 to 305. Because the Eulerian –based
reconstruction of !D values accounts for mixing of parcels from distinctly different last
saturation regions, there is good agreement between the mean, range, and temporal
variability of both the reconstructed and observed nighttime !D values at MLO.
By measuring both water vapor mixing and isotope ratios continuously and in-situ
within the free troposphere, at such places where this is possible, we can potentially
constrain the processes responsible for projected increases in subtropical water vapor
concentration.
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CHAPTER 5.

CONCLUSIONS,

UNCERTAINTIES,

AND

CLOSING

REMARKS
5.1

CONCLUSIONS
I have conducted climate model investigations into how humidity and water vapor

stable isotope compositions temporally vary in the vicinity of the subtropical relative
humidity minimum.
On the time-scale of interannual variability associated with ENSO, there is
enhanced baroclinic activity and a strengthened storm track over the north Pacific, during
El Niño. I find this corresponds with more last saturation in the extra-tropical upper
troposphere for dry subtropical air during El Niño, causing the subtropics to be drier
during this phase of ENSO [Hurley and Galewsky, 2010a].
Over the next century, the specific humidity of the relative humidity minimum
region is projected to increase. The additional moisture will not simply come from
enhanced evaporation of moisture from the surface. The additional water will mostly be
a product of last saturation within what will be a warmer tropical lower troposphere. The
addition of water will be partially offset by increased poleward and aloft last saturation
associated with expansion of the Hadley Circulation, and poleward migration and
strengthening of the mid-latitude storm tracks [Hurley and Galewsky, 2010b].
Two to 7 day variability of humidity and water vapor stable isotope compositions
of dry air at MLO are driven by large-scale mixing and last saturation probability
patterns.

Large-scale mixing is particularly important during pulses of increased

humidity, when the air in the subtropics is a product of air parcels last saturated in
distinctly different regions of the atmosphere. Water vapor stable isotope composition
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varies in response to changes in the circulation rather than to changes in the stable isotope
composition of the vapor prior to last saturation.

5.2

UNCERTAINTIES
The information that were used for model simulations in the ENSO and Hawaii

study are the NCEP-NCAR Reanalysis, and the information used for the global warming
study are IPCC AR4 GCM output. These information are not observations, rather, they
are model output that represent a best estimate of the climate system in globally gridded
arrays. Therefore, there is uncertainty associated with these data.
The Reanalysis variables are grouped into classes suggestive of the quality of the
data [Kalnay et al., 1996]. For instance, class A variables in the Reanalysis include
winds, which strongly depend on observations, making these data qualitatively more
reliable [Fitzmaurice and Bras, 2008]. Humidity, the focus of this dissertation, is a class
B variable meaning the values are based both on observations and model output, making
it qualitatively less reliable than the winds. Precipitation, which we use in the Hawaii
study for determining last saturation along Lagrangian back-trajectories, is a class C
variable, meaning it is completely model output, not based on observations. Dessler and
Davis [Dessler and Davis, 2010] recently found there to be good agreement between
middle to upper troposphere specific humidity in the NCEP-NCAR and changes expected
from surface temperature fluctuations, on short time-scales such as ENSO. This result
suggests our use of the Reanalysis for the ENSO and the shorter time-scale study for
Hawaii is valid. Specific humidity in the NCEP-NCAR Reanalysis does is based in part
on spurious data that does yield unique long-term trends [Dessler and Davis, 2010;
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Paltridge et al., 2009] that are not in agreement with other Reanalyses. Improving the
quality of the Reanalysis for long-term trends is a focus of the climate community
[Dessler and Davis, 2010; Thorne and Vose, 2010].
For the global warming study presented as Chapter 3 of this dissertation, I have
used model output from a GCM simulation conducted for the IPCC AR4.

The

uncertainties associated with the climate change projections of the IPCC are from a
variety of sources; observations, parameterization of atmospheric processes, the spectrum
of complexities considered by various model simulations, and the ensemble of models
used for the IPCC projections. For the A1B scenario, used for Chapter 3, the IPCC
projects global mean surface air temperature (SAT) to increase by 2.8 degrees Celsius
over the next century, and the range of uncertainty for SAT is from 1.7 to 4.4 degrees, or
2.7 degrees of uncertainty. This range of SAT undoubtedly corresponds with a range of
predicted increase in specific humidity in the subtropical middle troposphere. For the
reference position of 600 hPa and 20°N, the range of uncertainty in SAT corresponds to a
range of uncertainty in specific humidity of approximately 0.2 g/kg. Nevertheless, a
positive water vapor feedback is one of the more robust signals projected from global
warming simulations [Pierrehumbert et al., 2007].

5.3

CLOSING REMARKS
I have studied present day variability of subtropical humidity and water vapor

stable isotope composition. This research draws its motivation largely from the need to
understand our climate’s response to global warming. In Chapter 3 of this dissertation,
the increase in subtropical specific humidity is tied to enhanced last saturation in a
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warmer free troposphere. The increase in moisture, however, is partially offset by the
poleward and upward shift in last saturation patterns that is related to the projected
upward and poleward migration of the baroclinic activity [Hurley and Galewsky, 2010b;
Wright et al., 2009]. Future questions to be addressed include: what is the sensitivity of
the projected humidity changes to this offset between increased last saturation
temperatures and the poleward and upward shift of last saturation patterns, what are the
uncertainties associated with this poleward and upward shift in last saturation patterns
that partially offsets the increased moisture, and if there were no poleward and upward
migration of the storm tracks and last saturation patterns, how much greater might the
increase in moisture be in the subtropics?
A strengthened storm track that migrates poleward is common to both global
warming scenarios and El Nino, yet the subtropical humidity response is opposite. Is it
simply the increased last saturation temperatures in response to global warming that
yields the increased moisture? And what is the influence of zonal variability, as ENSO is
a zonal phenomenon? For instance, the extra-tropical storm track strengthens during La
Nina over the North American and the western North Atlantic, corresponding with a drier
subtropical middle troposphere during La Nina over the Gulf of Mexico and the Atlantic
Ocean.

And what is the zonal variability of last saturation patterns and humidity

distributions associated with the global warming simulations? The widely cited near
constant relative humidity in response to global warming is in the zonal mean. But, how
do the projected humidity changes vary around the globe?
For all three studies, ENSO, global warming, and 2 to 7 day variability, I have
focused on boreal autumn or winter in the northern hemisphere.

How might last
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saturation patterns vary over the course of the year, how the annual cycle might respond
to global warming, and how do last saturation patterns vary in the southern hemisphere
are to be addressed in future work.
“The present is” still “ the key to the past”, and the role of large-scale mixing of
air parcels last saturated in disparate atmospheric regions has not been applied to
geologic time-scales. How might this mechanism have influenced the paleoclimatic
setting of a region over a geologic interval? Paleoclimate interpretations of geologic
sections commonly address transitions between arid and humid environments [An et al.,
2006; Wanner et al., 2008]. What are the processes that have left these geologic records?
In fact, a recent study on late Quaternary paleoclimate, interpreted from lacustrine
deposits in Mexico, relates humidity transitions to poleward and equatorward migrations
of the middle latitude storm track [Roy et al., 2010], though stable isotopes are not
addressed. How might changes to the large-scale circulation and last saturation patterns
have influenced proxy records of paleo-water stable isotope records? Paleoclimate GCM
simulations could be used to assess how last saturation patterns alter humidity or isotope
composition over geologic time intervals [Sellwood and Valdes, 2006]. Alternatively, we
could model the stable isotope composition of precipitation while varying last saturation
probability distributions for the vapor from which the precipitation is drawn. It would be
interesting to quantify the relative importance of last saturation patterns on the stable
isotope composition of precipitation:

to weigh last saturation against lapse rate

[Pierrehumbert, 1999] or relative humidity at the evaporative source region [Broecker,
1997].
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